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The 22q11.2 deletion is one of the most common copy number variants in humans. Carriers of the deletion have a markedly increased risk for neurodevelopmental
brain disorders, including schizophrenia, autism spectrum disorders, and attention deﬁcit hyperactivity disorder. The high risk of psychiatric disorders associated with
22q11.2 deletion syndrome offers a unique possibility to identify the functional abnormalities that precede the emergence of psychosis. Carriers of a 22q11.2 deletion
show a broad range of sensory processing and cognitive abnormalities similar as in schizophrenia, such as auditory and visual sensory processing, response inhibition,
working memory, social cognition, reward processing and arithmetic processing. All these processes have a signiﬁcant negative impact on daily life if impaired and
have been studied extensively in schizophrenia using task-based functional neuroimaging. Here, we review task-related functional brain mapping studies that have
used electroencephalography or functional magnetic resonance imaging to identify functional alterations in carriers with 22q11.2 deletion syndrome within the above
mentioned cognitive and sensory domains. We discuss how the identiﬁcation of functional changes at the brain system level can advance the general understanding of
which neurobiological alterations set the frame for the emergence of neurodevelopmental disorders in the human brain. The task-based functional neuroimaging
literature shows conﬂicting results in many domains. Nevertheless, consistent similarities between 22q11.2 deletion syndrome and schizophrenia have been found for
sensory processing, social cognition and working memory. We discuss these functional brain alterations in terms of potential biomarkers of increased risk for psychosis
in the general population.1. Introduction
The 22q11.2 deletion syndrome (22q11.2DS) is the most common
copy number variant (CNV) in humans, with a prevalence of 1:2000 to
1:4000 (Goodship et al., 1998; Olsen et al., 2018; Oskarsdottir et al.,
2004; Shprintzen, 2005). The syndrome presents withmany clinical signs
and symptomswhich can affect almost any part of the body. The presence
of a 22q11.2 deletion confers a markedly increased risk for a range of
neurodevelopmental brain disorders, including, schizophrenia, autism
spectrum disorders and attention deﬁcit hyperactivity disorder (Bassett
et al., 2008; Purcell et al., 2009; Schneider et al., 2014). The international
Consortium on Brain and Behaviour has estimated the prevalence of
schizophrenia-spectrum disorders to be 41% in adult 22q11.2 deletion
carriers (Schneider et al., 2014). At the population level, the risk of
developing a schizophrenia-spectrum disorder was recently estimated in
a Danish Nationwide registry study to be approximately 6–8 times higher* Corresponding author. Queensland Brain Institute, The University of Queensland
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nc-nd/4.0/).for people carrying the 22q11.2 deletion as compared to the general
population (Hoeffding et al., 2017; Vangkilde et al., 2016b).
Neurogenetically informed brain imaging has been successfully used
to link brain structure and function with variations in the human
genome. In particular, neuroimaging of people with 22q11.2DS has
become a showcase for neuroimaging genetics, providing opportunities
to study neurobiological correlates of a speciﬁc disease state or its
absence in a group sharing the same genetic risk for neurodevelopmental
disorders. Hence, neurogenetically informed brain imaging offers the
possibility of linking individual variations in the genome to speciﬁc
functional or structural alterations in the brain, thereby linking the ge-
notype with human brain function, see (Siebner et al., 2009) for a review.
The high risk of psychiatric disorders associated with 22q11.2DS offers a
unique possibility to identify the functional abnormalities that precede
the possible emergence of psychosis. The deletion at 22q11.2 includes
deletion of multiple genes (Gothelf et al., 2008; McDonald-McGinn et al.,, Brisbane, Australia.
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susceptibility of schizophrenia (Karayiorgou et al., 2010). The
catechol-O-methyltransferase (COMT) and proline dehydrogenase
(PRODH) genes have shown to be one of the major candidate genes for
the susceptibility for schizophrenia, amongst the ones located in the
deleted 22q11.2 region (Gothelf et al., 2008). The COMT gene encodes
for the COMT enzyme that plays a role in degradation of dopamine,
particularly in the prefrontal cortex (Tunbridge et al., 2004). The PRODH
gene encodes for the PRODH enzyme, playing a role in glutamatergic and
dopaminergic transmission (Paterlini et al., 2005). While COMT and
PRODH are only two of the many genes located within the deleted region
in 22q11.2DS, these are the main two genes that have been studied in
task-based functional neuroimaging research, given the known high risk
for schizophrenia associated with these genes. In line with this, the ma-
jority of the neuroimaging research on 22q11.2 deletion carriers have
focused on the susceptibility of psychosis, given its high associated risk.
Yet it should be noted that the deletion includes multiple genes and the
increased risk is not limited to psychosis, but to a broader range of psy-
chiatric and neurodevelopmental disorders (Bassett et al., 2008; Olsen
et al., 2018; Purcell et al., 2009; Schneider et al., 2014).
The 22q11.2DS, like other neurodevelopmental disorders, is associ-
ated with macrostructural as well as microstructural brain alterations.
This has been thoroughly reviewed elsewhere (Boot and van Amelsvoort,
2012; Dennis and Thompson, 2013; Karayiorgou et al., 2010; Scariati
et al., 2016; Sun et al., 2018; Tan et al., 2009; Walter et al., 2009a). In
addition, resting-state functional brain mapping, which involves a
task-free resting state approach, has shown that 22q11.2DS is associated
with functional brain connectivity alterations at baseline, both using EEG
and fMRI (Scariati et al., 2016; Tomescu et al., 2014).
Existing neuroimaging studies have provided convincing evidence that
structural and functional resting-state connectivity is altered in 22q11.2
deletion carriers. Yet these studies do not provide clues on how the
22q11.2DS alters state-dependent dynamics in regional activity and inter-
regional connectivity associated with speciﬁc cognitive processes, as well155as how this can be linked to the psychotic symptoms observed in
22q11.2DS i.e. positive, negative, generalized and disorganised (Debbane
et al., 2006; Miller et al., 2003; Vangkilde et al., 2016a). Studies on task
based functional brain activity in 22q11.2DS have concentrated on
cognitive abilities, previously known to be impaired in schizophrenia.
Here, we review the existing functional neuroimaging literature in
22q11.2DS carriers focusing on the changes in functional activity using
EEG or fMRI which includes auditory and visual sensory processing,
reward processing, working memory, response inhibition, social cognition
and arithmetic processing. These processes are known to be impaired in
schizophrenia and signiﬁcantly contribute to poor functional outcome, see
Fig. 1 for an overview of the coverage of this review.While the presence of
a 22q11.2 deletion is associatedwith a broad range of neurodevelopmental
disorders, this review focuses on the relationship between changes in
experimentally evoked brain activity that tap into the cognitive processes
mentioned above and the emergence of psychosis. Psychosis is one of the
most disabling mental health conditions; it is associated with signiﬁcant
distress, unemployment, impaired social functioning and suicidal ideation.
We discuss the relevance of current neuroimaging ﬁndings with respect to
individual susceptibility for psychosis.
2. Auditory sensory processing
Auditory sensory processing has been extensively studied in schizo-
phrenia, especially with EEG, providing important insights into the un-
derlying pathological mechanisms of the disorder (Javitt and Sweet,
2015). Although the literature on auditory processing in 22q11.2DS is
growing, only eight studies so far have investigated this using EEG. These
studies involve mismatch negativity, P300, sensory gating, and auditory
steady state responses, see Fig. 2 for an overview of the ﬁndings.
2.1. Mismatch negativity
Mismatch negativity (MMN) is a functional brain marker of changeFig. 1. Overview of review. Linking the 22q11.2DS
genotype with sensory and cognitive function, and the
presence of psychotic symptoms. Alterations in sen-
sory evoked or task associated brain activity and
connectivity provide an intermediate neurobiological
readout at the brain circuit level, linking the
22q11.2DS genotype with its behavioural and clinical
phenotype. This review will cover ﬁndings on the
task-based functional neuroimaging research within
the different cognitive processes listed here. The fMRI
image is adapted with permission from (Montojo
et al., 2014). The EEG image is adapted with
permission from (Larsen et al., 2017).
Fig. 2. Summary of EEG studies on auditory processing in 22q11.2DS. Deﬁcits in MMN, P50 paired-pulse suppression, P300, and ASSR has been observed,
whereas early auditory evoked potential (N1) is increased. However, results have not always been consistent across studies. The ﬁgure is adapted with permission from
(Baker et al., 2005; Larsen et al., 2018, 2017; Mannarelli et al., 2018; Rihs et al., 2013).
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N€a€at€anen, 1995). When measured with EEG, MMN is obtained by sub-
tracting the responses to standard tones from responses to oddball tones
and is considered to be a reliable pre-attentive index of information
processing at the level of primary auditory cortex. It is well established
that people with schizophrenia show reduced MMN (Catts et al., 1995;
Michie, 2001; N€a€at€anen and K€ahk€onen, 2009; Umbricht and Krljes,
2005). Interestingly, MMN is also reduced in ﬁrst episode psychosis,
(Atkinson et al., 2012; Hsieh et al., 2012; Nagai et al., 2013), ﬁrst degree
relatives (Jessen et al., 2001; Michie et al., 2002), as well as a promising
marker for psychosis prediction (Bodatsch et al., 2015, 2011; Lavoie
et al., 2018; Perez et al., 2014). Hence, mounting evidence suggests that
MMN is reduced throughout the entire continuum of psychosis, being
already expressed in individuals with increased risks but no clinical
manifestation, see (Randeniya et al., 2017) for a review.
The very ﬁrst neuropsychological evidence for reduced MMN in
22q11.2DS carriers was provided by Cheour et al. (1998, 1997), who
showed reduction of responses to frequency deviants in a small group of
children and infants (<1 years) with 22q11.2DS. Following up on this
observation, Baker et al. (2005) employed a classic oddball paradigm in
22q11.2DS (N¼ 25) which used three types of deviants, a change in
duration, pitch, and both. For all three deviants, MMN amplitudes were
found to be reduced at frontal electrodes but intact at temporal sites,
echoing a topographic expression found in patients with schizophrenia
(Baldeweg et al., 2002). Post hoc analysis revealed that the reduction in
MMN amplitude were driven by duration deviants in 22q11.2DS carriers
compared to the control group. These initial ﬁndings could not be
replicated in a later larger study including 41 carriers, (Zarchi et al.,
2013). In that study, no difference in MMN amplitudes were found
relative to controls without 22q11.2DS, in the deviants examined,
namely frequency, duration, intensity, location, and a silent gap
(N€a€at€anen et al., 2004). Zarchi et al. (2013) used the PANSS (Positive and
Negative Syndrome Scale) to assess the presence of schizophrenia-like
symptoms in 22q11.2DS carriers. They found that the gap-evoked
MMN amplitude explained 12% of the PANSS negative scale scores.
However, no association between the PANSS positive scale score and the
gap-evoked MMN amplitudes was found. Further, individual MMN am-
plitudes evoked by the other deviant types (i.e., intensity, directionality,
frequency, and duration) were not signiﬁcantly associated with the
clinical scores. In line with Zarchi et al., (2013), a recent study also did
not replicate such reduction in frequency MMN (N¼ 19), in young
(12–25 years) non-psychotic 22q11.2DS carriers (Larsen et al., 2018).
However, the carriers showed an increased N1 response to both stan-
dards and deviants. This abnormality suggests either an increased
sensitivity to tones or a reduced adaptation to repeated tone exposure
(Larsen et al., 2018). Further, the authors found that, compared to con-
trols, the 22q11.2 deletion carriers had reduced connectivity between the
right inferior frontal gyrus and the right superior temporal gyrus, as well
as within the right primary auditory cortex, although the signiﬁcance of
these connectivity results did not survive correction for multiple
comparison.
It is important to consider the disease states as well as the age range of
the 22q11.2 deletion carriers when interpreting these MMN ﬁndings. In
the study by Baker et al. (2005), the 25 carriers were 12–21 years of age
and none of the carriers met criteria for a diagnosis of psychotic disorder.
The sample size in the study by Zarchi et al. (2013) was larger, but the
age range of the 41 participants was also larger (mean¼ 20.6, std¼ 9.6
years). Critically, 6 of the carriers met the DSM-IV-TR criteria for
schizophrenia. The study by Larsen et al. (2018), which did not ﬁnd
MMN reductions, had a sample with a similar size (19 non-psychotic
young carriers) and age range (aged 12–25 years), but used a fre-
quency deviant instead of duration. Therefore, it also is conceivable that
the sensitivity for detecting an abnormal MMN in 22q11.2DS might
depend on the type of acoustic deviant. Given these differences among
the studies, it is hard to disentangle whether the association of gap-MMN
and psychotic scores found in Zarchi et al. (2013) is speciﬁc to15722q11.2DS or to schizophrenia.
Other genetic factors might inﬂuence the likelihood that 22q11.2
deletion carriers express an abnormal MMN. Both Baker et al. (2005) and
Zarchi et al. (2013) evaluated the effect of a functional polymorphism
(Val158Met) in the catechol-O-methyltransferase (COMT) gene on the
MMN responses in the 22q11.2 deletion carriers. Baker et al. (2005)
found that the presence of the COMTMet allele was associated with more
marked MMN amplitude reduction in the 22q11.2DS group compared to
healthy controls. In line with this, Zarchi et al. (2013) showed that
overall MMN amplitudes were smaller for carriers of the COMT Met ge-
notype than for Val carriers within the 22q11.2DS group.
2.2. Recordings of the P300 component
P300 is an extensively studied ERP component usually evoked in
oddball paradigms where participants are actively discriminating rare
stimuli against standard stimuli (Polich, 2007). The P300 can be divided
into two subcomponents P3a and P3b, where P3a is associated with
attentional switching towards salient stimuli and P3b is associated with
memory storage and context updating. The amplitude of the P300 is
reduced both in schizophrenia as well as ﬁrst degree relatives, whereas
the latency is increased (Jeon and Polich, 2003; Kidogami et al., 1991).
The reduction in P300 in schizophrenia, is seen both for the P3a and the
P3b component (Bachiller et al., 2015; Mathalon et al., 2000).
A single study has examined P300 responses in 22q11.2DS carriers
(Mannarelli et al., 2018) using an oddball task where subjects had to
count target tones and state howmany they had counted at the end of the
task. The study included 10 22q11.2 deletion carriers with no psychiatric
disorder and a mean age of 25.2 years (SD¼ 3.25 years) and 10 healthy
age-matched controls. The amplitude of the P3b to the target tones was
signiﬁcantly decreased for the 22q11.2 deletion carriers compared to
controls, whereas the P3a amplitude was similar across the two groups.
This might suggest that memory storage as well as context updating is
decreased in 22q11.2DS carriers whereas the attentional switching to-
wards salient stimuli is intact. However, given the small sample size,
replication studies are needed to corroborate this ﬁnding.
2.3. Sensory gating
Sensory gating can be evoked using a paired-click paradigm where a
pair of clicks is presented after each other at a short and constant inter-
click time interval. It is a measure of the ability to suppress redundant
information, which has been put forward as a way of explaining the
positive symptoms in schizophrenia (Fletcher and Frith, 2009). Typically,
individuals show a 80–90% reduction of the P50 amplitude evoked by
the second click relative to the P50 amplitude evoked by the ﬁrst click
(Freedman et al., 1983; Wan et al., 2008). Sensory gating as reﬂected by
the P50 suppression has shown to be reduced in patients suffering from
schizophrenia as well as in ﬁst-degree relatives, see (de Wilde et al.,
2007; Earls et al., 2016), for meta-analyses. If sensory gating is abnormal,
an intriguing question is how abnormal sensory gating in 22q11.2DS
relates to the behavioural abnormalities seen in schizophrenia.
Three studies have investigated P50 sensory gating in 22q11.2 dele-
tion carriers. While Vorstman et al. (2009) (N¼ 56) and Rihs et al.
(2013) (N¼ 21) did not ﬁnd altered P50 suppression, Zarchi et al. (2013)
(N¼ 41) showed poorer sensory gating in 22q11.2 deletion carriers
relative to controls. Again, methodological differences between the
studies may account for the observed differences in results. Sensory
gating is believed to have a late maturation and increase with age
(Freedman et al., 1987; Marshall et al., 2004). Therefore, the different
age ranges used in the three studies (Zarchi et al., 2013): mean 20.6
years, std 9.6; (Vorstman et al., 2009) age range 12–18 years; (Rihs et al.,
2013): mean 17.4 years, std 4.7 may explain part of the differences in the
results. In both Vorstman et al. (2009) and Rihs et al. (2013) none of the
carriers met criteria for schizophrenia, whereas 14% of the participants
included in Zarchi et al. (2013) were diagnosed with schizophrenia. In
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10–20%, compared to 80–90% for healthy participants (Freedman et al.,
1983). Since six of the participants in Zarchi et al. (2013), met criteria for
schizophrenia, it is likely that the impairment of sensory gating is related
to schizophrenia rather than to 22q11.2DS. However, further studies are
needed in order to conﬁrm this.
Although the study by Rihs et al. (2013) did not reveal a suppression
of P50 in 22q11.2DS, the N1 component was enhanced at the central
electrodes for the ﬁrst tone. This was attributed to increased activation in
dorsal anterior cingulate and medial frontal cortex. Hence, 22q11.2DS
carriers showed higher sensitivity to the presented tones, while sensory
gating itself being normal. This ﬁnding is in agreement with the MMN
study by Larsen et al. (2018), in which 22q11.2DS showed a generally
enhanced response to tones in a roving oddball paradigm. Since none of
the carriers in Rihs et al. (2013) and Larsen et al. (2018) met criteria for
schizophrenia (although six out of 21 22q11.2 deletion carriers experi-
enced frequent psychotic symptoms in Rihs et al. (2013)), this might
indicate that the increased N1 response is speciﬁc to the 22q11.2 deletion
rather than the schizophrenia phenotype.
2.4. Auditory steady state responses
Auditory steady state responses (ASSRs) are evoked by trains of brief
tones or clicks presented at a repetition rate of 40 Hz and provide a
readily available, non-invasive means of probing neural gamma syn-
chrony in the auditory system (Plourde et al., 1991). The ASSR to 40Hz
stimulation is attenuated in schizophrenia (Thune et al., 2016), ﬁrst
episode psychosis (Spencer et al., 2008) as well as in non-affected ﬁrst
degree relatives (Rass et al., 2012). Since ASSR has been linked to cortical
abnormalities in GABAergic and glutamatergic neurotransmission (Lewis
et al., 2005; Uhlhaas and Singer, 2015), the ASSR is a promising elec-
trophysiological index of cortical neurotransmission.
Only one study has examined the ASSR in 22q11.2 deletion carriers
(Larsen et al., 2017). The ASSR of 18 non-psychotic 22q11.2 deletion
carriers was compared to the ASSR of 27 controls with comparable age
distribution and sex ratio (age range 12–25 years). Both, ASSR power as
well as inter trial phase coherence were reduced in the 22q11.2 deletion
carriers compared to controls. Critically, within the 22q11.2DS group,
reduced phase-locking to the 40 Hz clicks was associated with more
negative symptoms. These results corroborate the notion that impaired
synchronization of cortical gamma-band activity may play an important
role in the generation of negative symptoms in 22q11.2DS. Whether
reduced phase locking to 40Hz ASSR in 22q11.2DS is associated with
altered levels of GABA, remains to be clariﬁed in future studies with
GABA-edited proton magnetic resonance spectroscopy, for example.
Altogether, some aspects of auditory processing in 22q11.2DS as re-
ﬂected in the EEG activity are altered i.e. ASSR, P300 and N1. Conﬂicting
results were found for sensory gating andMMN in response to deviants of
stimulus duration and frequency. However, these are also the most
studied electrophysiological markers in 22q11.2DS compared to the
other components which have only been studied in one or two studies.
While the abnormal ASSR and P300 parallels abnormalities associated
with schizophrenia, the increased N1 response seems to be more speciﬁc
to the 22q11.2 deletion itself. More studies, especially studies with a
longitudinal study design, are needed to elucidate in more detail
abnormal auditory processing in 22q11.2DS and the signiﬁcance of these
abnormalities as marker for psychosis susceptibility. For a summary of
the ﬁndings on auditory processing in 22q11.2DS, see Fig. 2.
3. Visual processing
Early visual processing has been extensively studied in schizophrenia
(Butler et al., 2001; Silverstein and Keane, 2011), motivating the study of
this in 22q11.2DS. Visual processing has been studied in 22q11.2DS
using EEG during an illusory contour detection task (Biria et al., 2018)
and a texture segregation task (Magnee et al., 2011).1583.1. Visual processing during illusory contour detection
When edges lead to a percept of a contour in the absence of physical
borders, an illusory contour appears. This illusion is an active process
where missing information is ﬁlled in. Illusory contour processing have
both been found to be impaired in schizophrenia as well as preserved
(Foxe et al., 2005; Silverstein and Keane, 2011).
(Biria et al., 2018) investigated the process underlying illusory con-
tour detection in 25 22q11.2 deletion carriers and 26 healthy controls in
the age range 14–28 years, where 1 of the deletion carriers had a diag-
nosis of schizophrenia and 3 were diagnosed with a psychotic disorder.
Subjects had to respond when the illusion was present as well as absent.
While there was no group difference in accuracy, indicating that the
illusion is preserved, 22q11.2 deletion carriers showed signiﬁcantly
faster reaction times compared to controls. Although the illusion contour
completion was preserved, 22q11.2 deletion carriers showed a reduced
amplitude of for the P1 as well as the N1 component at occipital elec-
trodes compared to controls. Source analysis localized the reduction at P1
to areas in the dorsal and ventral visual stream, in line with what has
been shown in schizophrenia (Foxe et al., 2005). The reduced amplitude
at N1, was accounted for by reduced activity in cuneus, precuneus,
middle temporal lobes, occipital lobes and posterior cingulate, a ﬁnding
that has not been observed in schizophrenia.
Further, an increased global ﬁeld power for the closure negativity
component was observed for the 22q11.2 deletion carriers compared to
controls. This negative component is seen in tasks involving visual
completion and believed to be related to the process of shape discrimi-
nation. The global ﬁeld power of this component further showed to be
inversely related to the positive symptoms of the 22q11.2 deletion car-
riers. The higher the ﬁeld power of this component, the lower the posi-
tive symptoms. The authors interpreted this ﬁnding as higher
compensatory responses for illusory contours in carriers with a low de-
gree of symptoms.
3.2. Visual processing during a texture segregation task
In a texture segregation task, visual stimuli containing line segments
either making up checkerboards or homogenous ﬁelds are presented. By
comparing the ERPs evoked by these two stimuli it is possible to assess
information from visual feedforward activity from the C1 component
peaking early between 70 and 100ms as well as visual feedback activity
via the later texture negativity component peaking 100–250ms (Lamme,
1995).
Using the texture segregation task, visual processing in 58 22q11.2
deletion carriers and 100 typically developing controls in the age range
9–18 years was studied by Magnee et al. (2011). 30 out of 58 deletion
carriers were diagnosed with autism spectrum disorder and 7 were
diagnosed with a psychotic disorder. 22q11.2 deletion carriers showed
larger negative amplitudes as well as longer latency in the time window
of the C1 component, compared to controls. There was no difference in
the C1 component for the 22q11.2 deletion carriers with an autism
spectrum disorder diagnosis compared to those without. Further,
22q11.2 deletion carriers showed reduced amplitudes for the texture
negativity component.
The C1 component has previously also been found to be reduced in
chronic schizophrenia (Butler et al., 2007; Schechter et al., 2005). The
effect of proline as well as COMT levels, were investigated on the texture
negativity/C1 component ratio which the authors argue represents an
index of a ratio between feedforward and feedback activity. An interac-
tion between COMT and proline levels were found, revealing that high
proline levels were associated with a decreased feedforward/feedback
ratio in the COMT met carriers compared to COMT Val carriers.
This indicates that both COMT and proline levels play a role in visual
processing deﬁcits in 22q11DS.
While illusory contour completion in 22q11.2DS seems to be intact,
22q11.2DS is associated with increased early visual processing
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impaired in schizophrenia as well as preserved, see (Foxe et al., 2005;
Silverstein and Keane, 2011). Given that the ratio between the texture
negativity and C1 component is believed to be related to the ratio be-
tween feedforward and feed-backward visual processing, it suggests that
the connectivity between the different visual hierarchical areas are
impaired, which is indeed the case in schizophrenia (Ford et al., 2015;
van de Ven et al., 2017). As with the auditory processing, it is clear that
more studies are needed in the visual processing domain for 22q11.2DS.
In particular, it would be interesting and very informative to investigate
task based connectivity to disentangle at which hierarchical level the
deﬁcits take place. This would be helpful in understanding the similar-
ities and dissimilarities between schizophrenia and 22q11.2DS. For a
summary of the studies on visual sensory processing, see Fig. 3.
4. Response inhibition
Response inhibition refers to the ability to stop a pre-potent yet
inappropriate response tendency, and is a hallmark of executive control
(Mostofsky and Simmonds, 2008; Verbruggen and Logan, 2008). One
way to measure response inhibition, is to use a stop-signal task in which a
go signal is unpredictably followed by a stop-signal, demanding partici-
pants to inhibit their response. A similar task intersperses Go trials with
NoGo trials (i.e., Go/NoGo task). Schizophrenia has been associated with
impaired response inhibition (Enticott et al., 2008; Hughes et al., 2012;
Kiehl et al., 2000), and this motivated investigation of response inhibi-
tion in 22q11.2DS.
Romanos et al. (2010) recorded EEG while 13 22q11.2 deletion
carriers and age-, sex-, and handedness-matched controls performed a
Go-NoGo-task. Of note, 11 out of the 13 22q11.2 deletion carriers had a
diagnosis of Attention Deﬁcit Hyperactivity Disorder (ADHD). The
22q11.2DS group made more errors in the go condition (failing to
respond when there was a Go signal) as well as more errors after a
distractor letter compared to the control group. Analysis of the event
related potential, P300, showed a general (across Go and NoGo trials)
increase in amplitude for the 22q11.2 deletion carriers compared to
controls. Topographical analysis revealed a more anterior location of
the responses to the Go trials in 22q11.2DS but no topographical dif-
ference for the NoGo trials. This pattern is dissimilar to what has been
observed in schizophrenia (Weisbrod et al., 2000), where topographical
changes were observed to the NoGo trials and normal responses were
observed for the Go trials. Further, the P300 in Go/NoGo paradigms is
usually seen reduced in people with schizophrenia (Ford et al., 2004).
In other words, the 22q11.2DS and control groups showed comparable
responses to the NoGo condition but altered responses to the Go con-
dition. Therefore, observed alterations cannot easily be attributed to
inhibitory dysfunction, but perhaps to a general increased recruitment
of cortical sources.
Response inhibition in 22q11.2DS has also been examined using fMRI
(Gothelf et al., 2007; Montojo et al., 2015b, 2015a). Gothelf et al. (2007)
studied 13 adolescent 22q11.2 deletion carriers of which 3 had a psy-
chotic disorder, 14 typically developing controls and 9 controls with
developmental disabilities using a Go-NoGo task. While there were no
consistent differences in task performance, 22q11.2 deletion carriers
showed greater activation in left parietal regions compared to both
control groups. The authors argue that this greater activation suggests
that the 22q11.2 deletion carriers recruit the parietal regions to
compensate for executive dysfunction. Montojo et al. (2015b) investi-
gated response inhibition in 15 22q11.2 deletion carriers and 30 healthy
controls (18–38 years of age) using a stop-signal task. The number of
22q11.2 deletion carriers with a psychotic disorder was not reported,
however, authors reported that 3 deletion carriers took psychotropic
medication. In agreement with (Gothelf et al., 2007), between-group
comparisons did not reveal any differences in stop-signal reaction time
or percent correct for the stop trials, indicating comparable response
inhibition in the two groups. Yet, there were signiﬁcant between-group159differences for Go-trials, with controls showing faster reaction times
and higher accuracy than 22q11.2 deletion carriers which is in accor-
dance with (Romanos et al., 2010). Further, signiﬁcant group differences
were found for cognitive impulsivity as measured with the Barratt
impulsiveness scale, with 22q11.2 deletion carriers scoring higher than
controls. For successful stop trials, controls showed greater activation in
the frontal cortex, anterior and posterior cingulate gyrus, bilateral
striatum and thalamus, left parietal cortex, bilateral inferior and middle
temporal gyri, and occipital cortex compared to 22q11.2 deletion car-
riers. No regions showed greater activation for 22q11.2DS than controls.
Go trials resulted in greater activation of left angular gyrus, bilateral
middle temporal gyri, and bilateral occipital cortex in controls relative to
22q11.2 deletion carriers. Finally, in unsuccessful stop trials, in which
participants failed to inhibit the response, 22q11.2 deletion carriers
showed greater activation in bilateral inferior and middle frontal gyri,
right striatum and thalamus. No regions were greater for controls relative
to 22q11.2 deletion carriers in this condition. In addition to this, the
authors report signiﬁcant negative correlations between activity in left
middle frontal gyrus, right striatum and left thalamus with cognitive
impulsivity during response inhibition. Altogether, these ﬁndings suggest
that engagement of response inhibition related regions are reduced in
22q11.2 deletion carriers and that this might be related to the behav-
ioural manifestations of the syndrome.
In a follow-up study, the same group investigated response inhi-
bition using the same stop-signal task in 15 individuals with
22q11.2DS, 23 individuals with a ADHD diagnosis without deletion,
and 30 healthy individuals without the deletion (Montojo et al.,
2015a). As in their ﬁrst study (Montojo et al., 2015b), it was not re-
ported how many 22q11.2 deletion carriers had a psychotic disorder,
yet three deletion carriers took psychotropic medication. There was no
difference between groups in the stop-signal reaction times. However,
the accuracy of responses differed for the Go trials with 22q11.2
deletion carriers showing fewer correct answers as well as slower re-
sponses than both ADHD and controls. Compared to controls,
22q11.2DS had lower activation in the frontal cortex, posterior
cingulate cortex and adjacent precuneus, bilateral caudate and thal-
amus, left parietal cortex, right middle temporal gyrus, bilateral oc-
cipital cortex and cerebellum in the successful stop vs. go contrast.
Furthermore, ADHD had signiﬁcantly greater activation in bilateral
middle frontal gyrus relative to 22q11.2DS. Impulsivity was negatively
correlated with activity in the successful stop trials in medial frontal
cortex precuneus for 22q11.2DS, whereas ADHD showed a positive
correlation for the same regions (though not surviving correction for
multiple comparisons in the ADHD group).
In Gothelf et al. (2007), the 22q11.2 deletion carriers were also
genotyped for the Val158Met polymorphism in the COMT gene. For the
22q11.2DS Met carriers, an increased activation was found in the ante-
rior cingulate gyrus as compared to the Val carriers. This difference adds
further evidence for a modulatory effect of the Val158Met COMT geno-
type on task-related brain activity in the 22q11.2DS. However, the
sample size was very small with only 13 22q11.2 deletion carriers (seven
COMT Met carriers, six COMT Val carriers). Therefore, one cannot draw
any strong conclusions from this subgroup analysis.
While the ability to inhibit a response seems to be intact at the
behavioural level in all four studies, task-related activation of response-
inhibition areas was only found to be reduced in the studies by Mon-
tojo et al. (2015a, 2015b). Further, the behaviour showed longer reaction
times and higher error rates for the go signal in all studies, suggesting
that the ability to inhibit a response itself is intact in 22q11.2DS whereas
the response initiation is impaired. This is dissimilar to what is observed
in schizophrenia, where response inhibition is usually seen to be
impaired (Enticott et al., 2008; Hughes et al., 2012; Kiehl et al., 2000).
Go/NoGo and Stop-signal tasks are known to produce different neural
responses in healthy people (Rubia et al., 2001). While both tasks engage
the bilateral middle and inferior frontal gyri, pre-supplementary motor
area (SMA), anterior cingulate cortex as well as inferior parietal cortex,
Fig. 3. Summary of EEG studies on visual pro-
cessing in 22q11.2DS. Increased amplitudes in
22q11.2 deletion carriers have been observed for the
C1 component and closure negativity component
when comparing to controls. Decreased responses
have been observed for P1 and N1 as well as texture
negativity component. The ﬁgure is adapted with
permission from (Biria et al., 2018; Magnee et al.,
2011). The black line indicates the difference between
checkerboards (red lines) and homogenous stimuli
(blue lines).
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parietal cortices. The difference has been attributed to additional activity
subserving response selection in the Go/NoGo task. More studies are
needed in order to delineate if task differences can explain the differences
in the reported results. Despite of these differences, there is an overall
agreement among existing studies that response inhibition is intact while
the response initiation is impaired. It would be highly interesting to
follow developmental trajectories of response inhibition in 22q11.2
deletion carriers (Maeder et al., 2016).
The brain mapping studies addressing response inhibition in 22q11.2
deletion carriers are summarized in Table 1 and Fig. 4. From Fig. 4 it is
seen that there is a relatively big overlap between the areas where
22q11.2 deletion carriers show reduced activity compared to controls for
response inhibition and response initiation (indicated in blue).
22q11.2DS show reduced activity for response inhibition mainly in the
frontal areas (labelled in green). The left parietal cortex, shaded in dark
green, hadmixed ﬁndings where 22q11.2 deletion carriers either showed
increased or decreased activity compared to healthy controls during
response inhibition.
4.1. Sensorimotor integration
In a recent EEG study, Mannarelli et al. (2018) found reduced re-
sponses in the preparatory phase of a motor response using a double
choice reaction task. The study included 10 22q11.2 deletion carriers
with no psychiatric disorder and a mean age of 25.2 (SD¼ 3.25) and 10
healthy age-matched controls. Subjects had to respond with their right
hand whenever they heard a target tone embedded in an oddball para-
digm. Before each tone, a ﬂash light was presented in order to make the
participants prepare for their response. Hence, when subjects were pre-
sented with the tone they had to either inhibit or execute their prepared
response. In the period between the ﬂash light and the tone, the 22q11.2
deletion carriers showed signiﬁcantly lower responses. Further 22q11.2
deletion carriers showed more errors as well as longer reaction times
than the control group.
Together the results suggest that attentive discrimination and the
preparatory processes of motor responses are reduced in 22q11.2DS,
which is in line with the above studies on response inhibition showing
that the initiation of a response is impaired. However, the small sample
size is a limitation in the study and the results need to be replicated in
larger samples in order to make strong conclusions.Table 1
Response inhibition neural activity alterations in 22q11.2 deletion syndrome. Underli
indicates that the results of the given study did not survive correction for multiple co
Response Inhibition
Authors Participants Method/Analysis fM
Gothelf et al.,
2007
13 with 22q11.2DS (Mean age:
17.8; Males/Females: 8/5)
Go-NoGo task.
Go/NoGo vs. Go condition.
Inc
Inc
CO14HCs (Mean age: 17.2; Males/
Females: 7/7)




15 with 22q11.2DS (Mean age:
22.73; Males/Females: 8/7)
Stop-signal task.







30HCs (Mean age: 23; Males/
Females: 18/12)




15 with 22q11.2DS (Mean age:
22.5; Males/Females: 11/6)
Stop-signal task.
1 Successful stopping vs. Go
condition.
2 Unsuccessful stopping vs.
Successful stopping.




30 healthy controls (Mean age:
23; Males/Females: 18/12)
Abbreviations: Healthy controls (HCs), Idiopathic developmental disabilities (DD),
(COMT).
1615. Working memory
Working memory has been extensively studied in schizophrenia
(Manoach, 2003; Manoach et al., 2000) and is one of the core cognitive
deﬁcits that consistently can be found throughout the course of the
illness. There is evidence that schizophrenia is associated with
task-related hypoactivation of the dorsolateral prefrontal cortex (DLPFC),
see Glahn et al. (2005) for a meta-analysis. However, that meta-analysis
also showed that alterations in working memory in schizophrenia are not
only restricted to the DLPFC, but extend to the anterior cingulate cortex
and left frontal pole regions with activity being greater for schizophrenia
patients than controls.
Working memory is also typically impaired in 22q11.2DS (Bearden
et al., 2001; Jalbrzikowski et al., 2012). Kates et al. (2007) investigated
non spatial working memory using a 2-back task (in which participants
had to report when they saw the same letter as two letters back) in 17
children with 22q11.2DS (psychotic status not reported), 10 siblings of
22q11.2DS participants and 10 age-matched controls. There was no
difference in reaction time across groups, however, the 22q11.2 deletion
carriers showed lower hit rates than the sibling group. Whole brain fMRI
analysis revealed greater activation in controls relative to 22q11.2DS in
the right middle and inferior frontal gyri, bilateral inferior parietal lob-
ules, right superior parietal lobule, left middle occipital and right supe-
rior occipital cortex. Contrary to this, 22q11.2DS showed greater
activations in left inferior frontal gyrus, right anterior cingulate, right
medial and superior occipital gyri and cuneus relative to controls. Sib-
lings displayed increased working memory related activity relative to
22q11.2 deletion carriers in the anterior cingulate cortex and angular
gyri, as well as in left SMA, right superior occipital and left middle oc-
cipital cortex. 22q11.2DS did not show greater activation than siblings
anywhere in the brain. In line with this ﬁnding, Harrell et al. (2017)
found decreased activation in the right superior and middle frontal gyri,
the frontal pole and the anterior cingulate cortex using a similar 2-back
task in 11 children with 22q11.2DS and 8 controls. None of the partici-
pants had psychotic symptoms and thus this ﬁnding cannot be attributed
to the presence of psychosis. The results of a decreased activation in the
frontal areas might be due to reported reduced grey matter volumes in
22q11.2DS (Shashi et al., 2010). Azuma et al. (2009) used a spatial
working memory task in eight 22q11.2 deletion carriers in the age range
9–16 years (psychotic status not reported) and 13 healthy controls with
the age range 8–17 years. The overall performance accuracy wasned text refers to the ﬁndings included in the corresponding ﬁgure. *uncorrected,
mparison.
RI ﬁndings for 22q11.2DS carriers
reased activity compared to HCs and DD in the left parietal cortex.
reased activity in COMTMet vs. COMT Val in the cingulate gyrus (7 COMTMet carriers, 6
MT Val carriers).
creased activity compared to HCs in bilateral middle frontal gyri, right medial/superior
ntal gyri, left inferior frontal gyrus, right posterior cingulate/precuneus, bilateral
udate/thalamus, right middle temporal gyrus, left parietal cortex, bilateral occipital
rtex and bilateral cerebellum.
creased activity compared to ADHD in bilateral middle frontal gyri.
Decreased activity in bilateral frontal pole, right inferior frontal gyrus, right anterior
cingulate, right posterior cingulate, bilateral caudate/thalamus, bilateral putamen,
bilateral inferior/middle temporal gyri, left parietal cortex and bilateral occipital cortex.
Increased activity in bilateral inferior/middle frontal gyri, right caudate/thalamus and
right putamen.
Decreased activity in bilateral middle temporal gyri, left angular gyrus and bilateral
occipital cortex.
Attention deﬁcit hyperactivity disorder (ADHD), Catechol-O-methyltransferase
Fig. 4. Functional brain mapping of alterations in response inhibition in the 22q11.2 deletion syndrome. Areas in green indicate decreased activity in 22q11.2
deletion carriers compared with healthy controls during response inhibition and include the bilateral middle and inferior frontal gyri and frontal poles, right medial
and superior frontal gyri, right anterior and posterior cingulate, right precuneus, bilateral caudate, thalamus and putamen, bilateral inferior temporal gyri. The left
parietal cortex, shaded in dark green, had mixed ﬁndings (increased and decreased activity) in 22q11.2 deletion carries compared to healthy controls during response
inhibition. Areas in blue indicate decreased activity in 22q11.2 deletion carriers compared with healthy controls during response inhibition and initiation and
encompass bilateral middle temporal gyri, left angular gyrus and bilateral occipital cortex. The images were created using Surf Ice (https://www.nitrc.org/projects/
surﬁce/) and Mango (http://ric.uthscsa.edu/mango/). The regions were deﬁned using an online FSL atlas (Talairach atlas registered into MNI 152 space), and based
on the ﬁndings from (Montojo et al., 2015b, 2015a), which were corrected for multiple comparisons at the cluster level.
K.M. Larsen et al. NeuroImage 190 (2019) 154–171signiﬁcantly higher in the controls than in 22q11.2DS. Consistent with
Kates et al. (2007) and Harrell et al. (2017), Azuma et al. (2009) found
signiﬁcant increased activation for controls in the right cingulate gyrus,
bilateral precuneus, the right superior parietal lobule and the cuneus.
However, they did not observe any signiﬁcant between-group difference
in prefrontal task-related activation. Montojo et al. (2014) investigated
spatial working memory in 16 22q11.2 deletion carriers (2 reported to
have psychotic disorder) and 25 healthy controls (18–43 years old) using
a spatial capacity working memory task and found that controls showed
signiﬁcantly increased activation in the left intraparietal sulcus (IPS)
relative to 22q11.2 deletion carriers. Interestingly, the authors report
that the presence of unusual thought content or delusional ideas (one
subscale derived from the structured interview for prodromal symptoms)
was negatively correlated with activation in the left IPS. Further, the
activation in left IPS was also negatively correlated with the positive
symptoms scores, with greater activation being associated with lower
symptoms. This activation in the left IPS during spatial working memory
may play a role in the generation of psychotic symptoms in 22q11.2DS.
However, no causal inference between psychotic symptoms and activa-
tion in left IPS can be drawn from these ﬁndings.
The studies on working memory in 22q11.2DS provide converging
evidence that the working memory circuitry in 22q11.2DS is disrupted,
in line with what is observed in schizophrenia (Glahn et al., 2005) as well
as in ﬁrst-episode schizophrenia (Schneider et al., 2007). For a summary
of the ﬁndings on working memory, see Table 2 and Fig. 5. More spe-
ciﬁcally, activation in the right anterior cingulate is decreased in
22q11.2DS when participants are engaged in a non-spatial working
memory task (such as the N-back) (Harrell et al., 2017; Kates et al., 2007)
(green in Fig. 5), whereas activation in bilateral parietal, occipital and
left frontal regions is decreased in 22q11.2DS when participants are
engaged in a spatial working memory task (Azuma et al., 2009; Montojo
et al., 2014) (purple in Fig. 5). The overlap between the two working
memory tasks, where 22q11.2 deletion carriers show reduced activity, is162found in right frontal regions and bilateral precuneus (blue in Fig. 5).
Further, more studies are crucial in order to establish a clearer link be-
tween the activity in left IPS and the presence of psychotic symptoms in
22q11.2DS. A limitation common to all four studies on working memory
in 22q11.2DS is the reported group differences for IQ, in line with pre-
vious literature. However, since none of the studies, to our knowledge,
included IQ as a covariate in their analysis, it is hard to delineate whether
the differences in IQ could explain some of the observed brain
differences.
6. Arithmetic processing
Arithmetic processing was investigated with fMRI by Eliez et al.
(2000) in eight young 22q11.2 deletion carriers and eight healthy con-
trols. Participants had to solve either an easy math (2-operand) question
or a hard math question (3-operand) by responding whether the shown
math result was correct or not. 22q11.2 deletion carriers (psychotic
status not reported) showed similar performance on the easy math task,
but reduced performance for the hard math task. Reaction times were not
different between groups. Regions of interest analysis showed that
22q11.2 had signiﬁcantly increased activation in the left supramarginal
gyrus during the difﬁcult math task, but not for the easy task compared to
controls. Voxel based analysis showed that 22q11.2 deletion carriers
further had increased activation in left precentral gyrus as well as in the
right supramarginal gyrus, insula and intraparietal sulcus. This study
pioneered the fMRI research in 22q11.2DS, however, the results were
preliminary given the relative small sample size. See the results sum-
marized in Table 3.
7. Reward processing
Reward is a key driver of behaviour. Reward processing is typically
associated with activation in the ventral striatum and the ventral
Table 2
Working memory neural activity alterations in 22q11.2 deletion syndrome. Underlined text refers to the ﬁndings included in the corresponding ﬁgure. *uncorrected,
indicates that the results of the given study did not survive correction for multiple comparison.
Working memory








Decreased activity compared to HCs in the right middle/inferior frontal gyri, bilateral
inferior parietal lobules, right superior parietal lobule, right superior occipital gyrus and
left middle occipital gyrus.
Decreased activity compared to siblings in the bilateral anterior cingulate cortex, bilateral
angular gyri, left supplementary motor area and right superior/middle occipital gyri.
Increased activity compared to HCs in left inferior frontal gyrus, right anterior cingulate
cortex, right medial/superior occipital gyri and right cuneus.
10 siblings of 22q11.2DS (Ages:
8–15; Males/Females: 5/5)




11 with 22q11.2DS (Mean age:
14.5; Males/Females: 4/7)
One-back and Two-back task
1 Two-back vs. 0-back.
2 Two-back vs. One-back.
1 Decreased activity in right superior/middle/frontal pole and right anterior cingulate
cortex.




8 with 22q11.2 (Ages: 9–16;
Males/Females: 4/4)
13 HCs (Ages: 8–17; Males/
Females: 8/5)
Spatial working memory task.
Spatial working memory vs.
baseline detection condition.









2 Load 7, 5 & 3 vs. Load 1.
3 Structured interview for
prodromal symptoms.
1 Decreased activity in the left superior/inferior parietal lobule and left IPS.
2 Decreased activity in bilateral SFS, bilateral middle frontal gyri, bilateral precentral
gyri, right postcentral gyrus, bilateral IPS, bilateral superior/inferior parietal lobules,
bilateral fusiform gyri and bilateral occipital cortex.
3 Positive symptoms scores and unusual thought content/delusional ideas: Negative
correlation with activity in the left IPS.
25 HCs (Mean age: 24.36;
Males/Females: 10/15)
Abbreviations: Healthy controls (HCs), intraparietal sulcus (IPS), superior frontal sulci (SFS).
K.M. Larsen et al. NeuroImage 190 (2019) 154–171tegmental area and is tightly related to dopaminergic neurotransmission
(Haber and Knutson, 2010). Current theories of psychosis have suggested
that aberrant reward processing might contribute to the clinical symp-
toms of the disorder (Kapur, 2003). Indeed, people with schizophreniaFig. 5. Functional brain mapping of alterations in working memory in the 22q1
deletion carriers compared with healthy controls during spatial working memory. B
Intraparietal sulci (IPS), bilateral superior and inferior parietal lobules, bilateral fusif
in blue indicate decreased activity in 22q11.2 deletion carriers compared with hea
superior and middle frontal gyri and frontal pole, and bilateral precuneus. The righ
deletion carries compared to healthy controls during the N-back task (two-back vs 0
with psychotic scores. The images were created using Surf Ice (https://www.nitrc.o
were deﬁned using an online FSL atlas (Talairach atlas registered into MNI 152
2009)(Montojo et al., 2014), which were corrected for multiple comparisons at the
163exhibit alterations in the reward network, particularly in the striatal
system (Jensen et al., 2008; Juckel et al., 2006; Walter et al., 2009b). In
addition, activation in the reward system is reduced in individuals at
ultra-high risk for psychosis (Roiser et al., 2013). This motivated van1.2 deletion syndrome. Areas in purple indicate decreased activity in 22q11.2
rain regions include bilateral precentral gyri, right postcentral gyrus, bilateral
orm gyri, bilateral occipital cortex, right cuneus and right cingulate gyrus. Areas
lthy controls during spatial working memory and the N-back task in the right
t anterior cingulate cortex, shaded in green, had decreased activity in 22q11.2
-back/one-back). Activity in the IPS, shaded in black, was negatively correlated
rg/projects/surﬁce/) and Mango (http://ric.uthscsa.edu/mango/). The regions
space), and based on the ﬁndings from (Harrell et al., 2017)(Azuma et al.,
cluster level.
Table 3
Arithmetic neural activity alterations in 22q11.2 deletion syndrome. *uncor-
rected, indicates that the results of the given study did not survive correction for
multiple comparison.
Arithmetic














Increased activity in left
precentral gyrus,
bilateral supramarginal
gyrus, right insula and
right intraparietal
sulcus.
*uncorrected 8 HCs (Mean age:
15.8; Males/
Females: 5/3)
Abbreviations: Healthy controls (HCs).
K.M. Larsen et al. NeuroImage 190 (2019) 154–171Duin et al. (2016) to study reward processing in 16 22q11.2 deletion
carriers (mean age¼ 28.2, std¼ 6) and 12 healthy controls while they
engaged in a monetary incentive delay task. Five of the 22q11.2 deletion
carriers had a psychotic disorder. During anticipation of reward, the
22q11.2DS group showed less activation compared to controls in the
right medial frontal gyrus, bilateral cingulate gyri, the paracentral lob-
ules and the right postcentral gyrus, indicated in green in Fig. 6. In
contrast, during anticipation of loss the 22q11.2DS group showed less
activation in the left posterior cingulate cortex, bilateral cuneus and the
right precuneus (purple in Fig. 6). The 22q11.2DS group had decreased
activity during both anticipation of loss and reward in the left precuneus
(blue in Fig. 6). Hence, disruptions in the brain networks underlying
reward processing and its consequences on behavioural impairments in
22q11.2DS are akin to those seen in schizophrenia. This suggests that
behavioural impairments common to schizophrenia such as decreased
motivation and anhedonia are seen in 22q11.2DS as well. However, it isFig. 6. Functional brain mapping of alterations in reward processing in the 22q
deletion carriers compared with healthy controls during anticipation of reward in the
and right postcentral gyrus. Areas in purple indicate decreased activity in 22q11.2 de
bilateral cuneus, right precuneus, left posterior cingulate and left middle occipital
deletion carries compared to healthy controls during anticipation of reward and loss. T
and Mango (http://ric.uthscsa.edu/mango/). The regions were deﬁned using an onl
ﬁndings from van Duin et al., 2016, which were corrected for multiple comparisons
164important to note here, that 5 of the 16 deletion carriers met criteria for a
psychotic disorder, which makes it hard to delineate if the observed ef-
fect is due to the presence of psychosis or the 22q11.2 deletion. In that
study, there was no relation between the symptoms present in 22q11.2
deletion carriers and the reward or loss related activity. However, it
would be interesting to investigate this in a larger cohort, since this link is
established in schizophrenia, especially with negative symptoms such as
anhedonia, avolition, and reward processing (Galderisi et al., 2015).
Please see Table 4 for a summary of the ﬁndings.
During anticipation of reward, the Val carriers (N¼ 6) showed higher
activation compared to Met carriers (N¼ 10) in the right middle frontal
gyrus, bilateral cingulate gyri, right posterior cingulate cortex and
bilateral precuneus (van Duin et al., 2016). Contrary to this, during
anticipation of loss, the Met carriers showed greater activation than the
Val carriers in the anterior/posterior cingulate cortex, the insula and the
striatum, suggesting that the Met genotype is associated with greater loss
aversion. As pointed out previously, genotype-phenotype associations
usually require large samples for single nucleotide polymorphisms.
Therefore, the reported effects of the Val158Met COMT polymorphism
are preliminary and need to be replicated in a larger sample.
8. Social cognition
Emotion processing, in particular processing of facial emotions, has
been extensively studied in schizophrenia (Kring and Elis, 2013). In
healthy people, viewing faces with a range of emotional expressions
consistently engage a set of brain areas, including the amygdala, the
superior temporal sulcus, the dorsomedial prefrontal cortex, the anterior
cingulate cortex, the supramarginal gyrus, the orbitofrontal cortex, the
insula and other subcortical areas (Haxby et al., 2000; Kober et al., 2008).
People with schizophrenia typically show reduced activation in the
amygdala, the anterior cingulate cortex, the dorsolateral prefrontal11.2 deletion syndrome. Areas in green indicate decreased activity in 22q11.2
right medial frontal gyrus, bilateral paracentral lobules, bilateral cingulate gyri
letion carriers compared with healthy controls during anticipation of loss in the
gyrus. The right precuneus, shaded in blue, had decreased activity in 22q11.2
he images were created using Surf Ice (https://www.nitrc.org/projects/surﬁce/)
ine FSL atlas (Talairach atlas registered into MNI 152 space), and based on the
at the cluster level.
Table 4
Reward processing neural activity alterations in 22q11.2 deletion syndrome. Underlined text refers to the ﬁndings included in the corresponding ﬁgure. *uncorrected,
indicates that the results of the given study did not survive correction for multiple comparison.
Reward processing
Authors Participants Method/Analysis fMRI ﬁndings for 22q11.2DS carriers
van Duin
et al., 2016
16 with 22q11.2 (Mean age:
28.2; Males/Females: 8/8)
Monetary incentive delay task.
1 Anticipation of reward vs.
Anticipation of no monetary
outcome.
2 Anticipation of loss vs. Anticipation
of no monetary outcome.
1. Decreased activity in right medial frontal gyrus, bilateral paracentral lobules, bilateral
cingulate gyri, right postcentral gyrus and left precuneus.
Increased activity in COMT Val vs. COMT Met in the right middle frontal gyrus, right
precentral gyrus, right paracentral lobule, bilateral postcentral gyri, bilateral posterior
cingulate cortex and bilateral precuneus.
2. Decreased activity in bilateral cuneus, bilateral precuneus, left posterior cingulate and
left middle occipital gyrus.
Increased activity in COMT Met vs. COMT Val in the left anterior cingulate cortex, left
insula, left posterior cingulate cortex, left putamen, left superior temporal gyrus, left
thalamus and bilateral caudate (six COMT Met carriers, 10 COMT Val carriers).
*5 with a psychotic disorder
12 HCs (Mean age: 29; Males/
Females: 8/4)
Abbreviations: Healthy controls (HCs), Catechol-O-methyltransferase (COMT).
K.M. Larsen et al. NeuroImage 190 (2019) 154–171cortex, the medial frontal cortex, and visual areas, see Taylor et al. (2012)
for a meta-analysis.
The ﬁrst study investigating responses to emotional faces in
22q11.2DS was a preliminary one, including eight 22q11.2 deletion
carriers, three of which had a diagnosis of schizophrenia and 9 healthy
controls (Van Amelsvoort et al., 2006). Participants viewed a series of
angry and happy faces as well as neutral facial expressions. Across con-
ditions the 22q11.2 deletion carriers showed reduced activity in the right
insula and premotor cortex and increased activity in bilateral occipital
regions compared to controls. None of the results survived correction for
multiple comparison and the study does not report on any psychotic
symptoms in the group. Therefore, no strong conclusions can be drawn
from this study.
A group of 15 22q11.2 deletion carriers of which ﬁve were reported to
have psychotic symptoms did not recruit the face processing network
typically engaged in 16 age and sex matched controls (Andersson et al.,
2008). More speciﬁcally, when comparing responses to neutral faces and
houses, decreased activation was found in the fusiform face area in the
deletion carriers relative to controls. Further, controls showed a clear
category-speciﬁcity (faces> houses) for faces relative to houses, which
was lacking in the 22q11.2 deletion carriers. Repetition suppression (to
the second presentation of the same picture) was found for fearful faces
in the left middle and inferior temporal gyrus and right ventro-lateral
amygdala in controls. 22q11.2 deletion carriers only showed repetition
suppression in prefrontal regions, with an apparent lack of modulation by
fear expression for the 22q11.2 deletion carriers in the amygdala.
Further, a difference between 22q11.2 deletion carriers with and without
psychotic symptoms were found in left fusiform gyrus, where carriers
with psychotic symptoms showed decreased activation. In Azuma et al.
(2015) children with 22q11.2DS (N¼ 14, none reported to have psy-
chotic symptoms) showed reduced activity in the right superior frontal
gyrus, the left postcentral/precentral gyrus, the insula, the right cingulate
gyrus, bilateral fusiform gyrus, the inferior occipital gyrus and the cer-
ebellum for fearful and disgusted faces (see areas in green in Fig. 7).
Further, decreased activation in the left precentral and fusiform gyri, the
right lingual gyrus and bilateral cerebellum was negatively correlated
with social difﬁculties as indexed by the Total Difﬁculties Score from the
Strengths and Difﬁculties Questionnaires. This correlation suggests that
hypoactivation might be associated with social impairments in
22q11.2DS.
Coman et al. (2010) studied 43 individuals with 22q11.2DS from
whom nine had psychotic symptoms. They found that young females
activated the left anterior mid-cingulate gyrus more than young males
when processing positive emotions. Investigating the effect of Val158Met
COMT polymorphism on emotion processing revealed a gender-allele
interaction effect in the frontal lobe during pleasant stimuli, with fe-
male Val and male Met allele carriers showing signiﬁcantly greater
activation compared to the male Val and female Met carriers. Further, a
gender-allele interaction effect was observed for the limbic regions when165processing unpleasant stimuli. Here, Val male and Met female partici-
pants showed greater activation than female Val and male Met allele
carriers. Results therefore pointed to COMT polymorphism being
moderated by gender in 22q11.2DS during processing of emotional
stimuli.
A recent study investigated social perception in 22 young non psy-
chotic 22q11.2 deletion carriers and 22 healthy controls (Dubourg et al.,
2018). Participants were watching a stream of images varying in
emotional valence and social content, they were instructed to indicate if
an image was intact or scrambled. Comparing the neural responses to
social vs. non-social images revealed that 22q11.2 deletion carriers had
reduced activity in bilateral middle frontal gyrus, left anterior cingulate,
medial/superior frontal gyrus, as well as in the right supramarginal
gyrus, inferior parietal lobule, precuneus, and posterior cingulate (orange
in Fig. 7). There were no group differences observed in the responses to
positive vs. negative emotions, indicating that the alterations observed in
the social perception network are present irrespective of valence.
The concept of self-referential processing concerns how strongly a
stimulus is experienced to be related to oneself compared to others. In the
healthy brain, self-referential processing is mediated by cortical midline
structures (Northoff et al., 2006; Northoff and Bermpohl, 2004). In
schizophrenia, the activation of the self-referential network is typically
altered. More speciﬁcally, it has been shown that schizophrenia patients
compared to controls have smaller activation in posterior midline
structures, whereas activation of anterior midline structures is sometimes
greater, see Shad et al. (2011) and van der Meer et al. (2010) for a review.
Self-referential processing has further been investigated in ﬁrst episode
psychosis, where reduced activation in the right middle temporal gyrus
and left precuneus was found for patients compared with healthy controls
(Kambeitz-Ilankovic et al., 2013). In addition, activation in the right
middle temporal gyrus correlated negatively with positive psychotic
symptoms. Whole-brain fMRI was used to evaluate self- and other-related
processing in 14 22q11.2 deletion carriers, aged 12–20 years and 17
controls (Schneider et al., 2012). None of the 22q11.2DS carriers met
criteria for psychosis. Participants had to judge if a series of adjectives
applied to a ﬁctional character, to their best friend or to themselves.
Compared to controls, 22q11.2 deletion carriers showed decreased
activation in the cortical midline structures as well as in the striatum in
the self-relating condition. Speciﬁcally, the activation in the anterior
cingulate cortex was negatively associated with the severity of prodromal
positive symptoms from the PANSS score, in line with the ﬁndings in ﬁrst
episode psychosis (Kambeitz-Ilankovic et al., 2013). This correlation
between psychotic symptoms in 22q11.2DS and activation in the anterior
cingulate cortex is suggestive of the anterior cingulate cortex playing a
role in the generation of psychotic symptoms in 22q11.2DS, however, no
causal role can be established from this ﬁnding. In a similar study,
(Dahoun et al., 2013) investigated self-other discrimination processes in
12 people with auditory hallucinations, 13 22q11.2 deletion carriers and
22 controls. Participants had to either imagine doing a task (for example
Fig. 7. Functional brain mapping of alterations in social cognition in 22q11.2 deletion syndrome. Areas in green indicate regions of decreased activity in
22q11.2 deletion carriers compared with healthy controls during facial emotion processing. Brain regions include right superior frontal gyrus, left postcentral gyrus,
left precentral gyrus, right cingulate gyrus, left inferior occipital gyrus, left insula, left transverse temporal gyrus and bilateral fusiform gyri. Areas in purple indicate
decreased activity in 22q11.2 deletion carriers compared with healthy controls during other versus self processing in the right middle temporal gyrus, left cuneus, left
precuneus, left caudate and right superior occipital gyrus. The bilateral superior frontal gyri and right precentral, shaded in black, had decreased activity in 22q11.2
deletion carriers compared to participants with auditory hallucinations. Areas in orange indicate decreased activity in 22q11.2 deletion carriers compared with healthy
controls during social processing in left medial and superior frontal gyri, bilateral middle frontal gyrus, left anterior cingulate, right inferior parietal lobule, right
supramarginal gyrus, right posterior cingulate and right precuneus. The images were created using Surf Ice (https://www.nitrc.org/projects/surﬁce/) and Mango
(http://ric.uthscsa.edu/mango/). The regions were deﬁned using an online FSL atlas (Talairach atlas registered into MNI 152 space), and based on the ﬁndings from
Andersson et al. (2008); Azuma et al., 2015; Coman et al., 2010 and Schneider et al., 2012.
K.M. Larsen et al. NeuroImage 190 (2019) 154–171“open a bottle”) themselves or imagine their best friend doing it. The
group with auditory hallucinations showed decreased activity during the
action simulation period in the left middle occipital gyrus, left cingulate
gyrus and in the right precuneus for the contrast “best friend” vs “self”.
For the same contrast, 22q11.2 deletion carriers showed reduced acti-
vation in the right superior occipital gyrus, left caudate tail and left
precuneus (purple in Fig. 7). The task included a prime period during
which subjects got the prime cue to imagine either yourself or your best
friend performing the following task. When contrasting brain responses
to primes referring to one's friend versus oneself, 22q11.2 deletion car-
riers showed reduced activity in the left cuneus, precuneus and right
middle temporal gyrus (purple in Fig. 7). Further, a difference was
observed between the group with auditory hallucinations and 22q11.2
deletion carriers in the prime period where 22q11.2 deletion carriers
showed reduced activity in the left caudate, right anterior cingulate
cortex and right superior frontal gyrus for “prime self” trials versus
“prime other” and in right postcentral gyrus and bilateral superior frontal
gyrus for “prime other” versus “prime self” (black shaded area in Fig. 7).
For a summary of the studies on social cognition please see Fig. 7 and
Table 5. Only the studies surviving correction for multiple comparison
have been included in the ﬁgure and this has been indicated in the table.
The ﬁndings on social cognition in 22q11.2DS provides converging evi-
dence that emotion cognition as well as self-referential processing in
22q11.2DS is altered in similar ways as in schizophrenia (Shad et al.,
2011; Taylor et al., 2012; van der Meer et al., 2010). Interestingly, only
one study on social cognition found correlation between brain activity
and psychotic symptoms (Schneider et al., 2012), where a negative
correlation between activation in the left anterior cingulate cortex with
psychotic symptoms was found. Andersson et al. (2008) reported
decreased activation in psychotic compared to non-psychotic 22q11.2
deletion carriers the in left fusiform gyrus. However, none of these results166survived correction for multiple comparison. Dahoun et al. (2013)
though found that 22q11.2DS had decreased activity compared to people
with auditory hallucinations in bilateral superior frontal gyri and right
postcentral, see the black shaded area in Fig. 7. These associations be-
tween altered brain activity and symptoms would be a really interesting
topic on which to follow up on and may yield insights into altered social
cognition that may contribute to the generation of psychotic symptoms in
22q11.2DS. For a summary of the ﬁndings on social cognition, see Fig. 7
and Table 5.
9. Discussion and future directions
The neuroimaging literature in 22q11.2DS is rapidly growing. Being
able to map brain alterations with variations in the human genome can
give important insights into the pathophysiology of the speciﬁc deletion.
Further, it can help in advancing the general understanding of which
neurobiological alterations set the frame for the emergence of neuro-
developmental disorders in the human brain. In this review, we have
focused on task-based functional brain alterations with a speciﬁc
emphasis on the susceptibility to psychosis, given the signiﬁcant higher
risk for psychosis associated with the deletion. However, it is important
to note that the deletion involves multiple genes and, as a consequence, it
is not only associated with a high risk of psychosis but with a broader
range of psychiatric and neurodevelopmental disorders.
Even though 22q11.2DS is one of the most common copy number
variants, the prevalence, 1:2000-1:4000, is still relative small (Goodship
et al., 1998; Olsen et al., 2018; Oskarsdottir et al., 2004; Robin and
Shprintzen, 2005). A natural consequence of such low prevalence is that
studies on 22q11.2DS suffer from relatively small sample sizes. A small
sample size is characteristic for the majority of the studies reviewed here,
which makes it hard at times to disentangle whether a lack of association
Table 5
Social cognition neural activity alterations in 22q11.2 deletion syndrome. Underlined text refers to the ﬁndings included in the corresponding ﬁgure. *uncorrected,
indicates that the results of the given study did not survive correction for multiple comparison.
Social cognition




15 with 22q11.2 (Mean age:
15.27; Males/Females: 5/10)
Visual categorization task.
1 Neutral faces vs. Houses.
2 Fearful faces vs. Neutral faces.
3 Fearful face adaptation.
4 Psychotic symptoms and Faces
vs. houses
1 Decreased activity in the left fusiform gyrus.
2 Decreased activity in the right anterior cingulate cortex.
3 Failed to decrease activity in the left middle frontal gyrus, left inferior temporal
gyrus and right ventro-lateral amygdala.
4 Decreased activity in psychotic compared to non-psychotic patients in left fusi-
form gyrus.
*5 with a psychotic disorder
16 HCs (Mean age: 15.03; Males/
Females: 7/9)
Azuma et al., 2015 14 with 22q11.2DS (Ages: 9–17;
Males/Females: 7/7)
Emotion task.
1 Fear condition vs. ﬁxation cross.
2 Disgust condition vs. ﬁxation
cross.
1 Decreased activity in right superior frontal gyrus, left postcentral gyrus, left
precentral gyrus, right cingulate gyrus, left fusiform gyrus, left inferior occipital
gyrus and left cerebellum.
2 Decreased activity in left postcentral gyrus, left precentral gyrus, left insula, left
transverse temporal gyrus, bilateral fusiform gyri and bilateral cerebellum.
14 HCs (Ages: 8–17; Males/
Females: 9/5)
Coman et al., 2010 43 with 22q.11.2DS Emotion induction.
Unpleasant vs. Neutral pictures.
Increased activity in COMT Met vs. COMT Val in left cingulate gyrus.
Met allele (Mean ages: 14.3/
15.9; Males/Females: 9/8)





14 with 22q11.2DS (Mean age:
16.13; Males/Females: 7/7)
Self-referential processing.
1 Self vs. Rest.
2 Self vs. Semantic.
3 Self vs. Other.
4 PANSS positive scores.
1 Decreased activity in left caudate, left anterior cingulate and left frontal gyrus.
2 Decreased activity in left caudate and bilateral anterior cingulate cortex.
3 Decreased activity in left anterior cingulate and left medial frontal gyrus and
right caudate.
4 Negative correlation with activation in the left anterior cingulate cortex.





8 with 22q11.2DS (Mean age: 34;
Males/Females: 1/7
Facial emotion processing.
Happy or angry facial expressions
vs. neutral facial expression.
Decreased activity in right precentral, right insula and right postcentral gyrus.
Increased activity in left fusiform, left middle temporal gyrus, right lingual and right
cuneus.*3 with schizophrenia




13 with 22q11.2DS (Mean age:
16.14; Males/Female: 9/4)
Action simulation task. Self-
referential and other processing.
1 Other vs. Self
2 Self vs. Other
3 3rd person perspective vs. 1st
person perspective
1 Decreased activity in 22q vs. HCs in right middle temporal gyrus, left cuneus and
left precuneus.
3 Decreased activity in 22q vs. HCs in left caudate, right superior occipital gyrus
and left precuneus.
1 Decreased activity in 22q vs. AH in bilateral superior frontal gyri and right
postcentral.
2 Decreased activity in 22q vs. AH in right superior frontal gyrus, right anterior
cingulate and left caudate.
12 with subclinical AH (Mean
age: 15.97; Males/Female: 5/7)








Decreased activity in left medial/superior frontal gyri, bilateral middle frontal
gyrus, left anterior cingulate, right inferior parietal lobule, right supramarginal
gyrus, right posterior cingulate and right precuneus.22 HCs (Mean age: 19.7; Males/
Female: 7/15)
Abbreviations: Healthy controls (HCs), Catechol-O-methyltransferase (COMT), Positive and Negative Symptom Scale (PANSS), Auditory Hallucinations (AH).
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presence of deletion is non-existent, or simply due to insufﬁcient power.
Future trans-national large-scale studies are needed as well as
meta-analysis of existing studies on 22q11.2DS. Another limitation is that
very few studies have looked at the relationship between symptoms and
the found brain alterations. It has therefore been very hard to make any
general conclusions on the links between brain alterations in 22q11.2DS
and symptoms. Future studies should aim for larger sample sizes that
enable the investigation of the links between the brain alterations and
psychotic symptoms. This will be crucial to advance our understanding of
the link between psychiatric symptoms and brain alterations in general,
but also to establish links between individual brain abnormalities and the
individual symptoms in people with 22q11.2DS.
The disease state of the 22q11.2 deletion carriers varied considerably
across the different studies reviewed here. Inconsistencies across studies
may, at least in part, be explained by the heterogeneity of the clinical
phenotypical spectrum across studies. For example, reduced sensory
gating was found by Zarchi et al. (2013) including 22q11.2DS carriers
with psychosis (14%), but not in studies where carriers did not have
schizophrenia (Rihs et al., 2013; Vorstman et al., 2009). However, it
should be noted that six out of 21 carriers in Rihs et al. (2013) experi-
enced psychotic symptoms. It is unclear whether the effect reported by
Zarchi et al. (2013) would persist when controlling for psychosis. Hence,
the question remains as to whether reduced sensory gating is caused by167the deletion itself, or a consequence of psychosis. To answer this ques-
tion, future studies should aim at comparing 22q11.2 deletion carriers
with and without psychosis. Another possibility, which has recently
gained some traction, would be to take a continuum of psychosis
approach (van Os et al., 2009). In this way, the amount of symptoms
could be mapped in a continuous fashion to functional neuroimaging
deﬁcits. This has been well studied using MMN, see (Randeniya et al.,
2017) for a recent review. In this way, the attenuation of MMN responses
is accentuated throughout the spectrum of psychosis, from healthy peo-
ple with a small degree of psychotic tendency to chronic patients with a
high degree of psychotic symptoms. However, while this approach would
be very helpful in the delineation of the processes involved in the gen-
eration of psychotic symptoms, it would be hard to distinguish which
functional neuroimaging alterations would be speciﬁcally related to the
deletion itself and those generally caused by the symptoms. Longitudinal
studies would be critically informative, but are logistically extremely
demanding.
Age range is another important methodological difference amongst
the studies reviewed here. The difference in age range of the deletion
carriers becomes particularly important when comparing effects across
studies, since studying children versus adults naturally introduces neu-
rodevelopmental differences that might contribute to divergent ﬁndings
across studies (Moberg et al., 2018).
As mentioned, the 22q11.2 deletion involves deletion of multiple
K.M. Larsen et al. NeuroImage 190 (2019) 154–171genes with the COMT and PRODH being one of the major genes involved
in the genetic susceptibility to schizophrenia (Gothelf et al., 2008).
Despite small sample sizes, all studies that investigated the Val/Met
status of the Val158Met COMT polymorphism in the remaining allele,
showed that the residual COMT allele had a modulating effect on
cognitive functioning and its brain correlates, namely MMN (Baker et al.,
2005; Zarchi et al., 2013), reward (van Duin et al., 2016) and emotion
processing (Coman et al., 2010), as well as response inhibition (Gothelf
et al., 2007). The effect of COMT is very appealing to study due to its
involvement in dopamine, as well as the associated susceptibly to
schizophrenia. However, it includes subgrouping of the 22q11.2DS group
and thereby requires a relatively large sample size. Given that the results
looking both at COMT and PRODH in this review are very promising,
future large-scale studies including larger cohorts as well as longitudinal
studies following the life-span of 22q11.2DS are needed to corroborate
the above mentioned ﬁndings on COMT.
The emergence of psychosis in 22q11.2DS has been associated with
abnormal resting-state connectivity in frontal and midline structures, see
(Scariati et al., 2016) for a review.While these ﬁndings on connectivity at
“rest” can give us insights into how different brain regions interact in a
task-free context, they cannot tell us about the (altered) brain mecha-
nisms underpinning sensory processes and behaviour. In light of this,
future studies should further delineate whether this dysconnectivity is
also present in task-based functional neuroimaging. In this way, altered
connectivity could be related to a speciﬁc cognitive function and/or
behaviour, thereby providing important insights into their underlying
brain mechanisms, see (Larsen et al., 2018). As an additional note, more
computational approaches are needed to derive causal models of the
underlying brain mechanisms associated with alterations in sensory and
cognitive processes in 22q11.2DS.
In sum, we have reviewed existing task-based functional neuro-
imaging in 22q11.2DS with a focus on the susceptibility to psychosis. The
working memory and social cognition ﬁndings in 22q11.2DS seem to be
in line with the schizophrenia literature. Response inhibition, on the
other hand is intact at the behavioural level in 22q11.2DS, but not in
schizophrenia. The brain regions engaged in reward and visual process-
ing in 22q11.2DS were in line with the schizophrenia literature. How-
ever, caution is needed as these conclusions were drawn by one study for
each domain. Given that the tasks reviewed here are very different in
their nature, it is hard to make an overall conclusion of the affected re-
gions. However, when comparing Figs. 4–7, it is clear that especially the
frontal areas show reduced activity in 22q11.2DS compared to healthy
controls across the different tasks. Recent results from the ENIGMA
22q11.2DS working group showed that the frontal gyrus were among the
regions showing signiﬁcantly smaller surface area in 22q11.2DS
compared to controls (Sun et al., 2018). Future studies are still needed in
order to elucidate if this reduced surface area is associated with the
observed reduced frontal activation across the tasks presented here.
Results on auditory processing in 22q11.2DS showed controversial
ﬁndings for mismatch negativity and sensory gating. However, the
amplitude of the N1 peak and the auditory steady state responses seem to
be altered. In order to provide a stronger link between schizophrenia and
22q11.2DS in terms of functional alterations, more studies and greater
samples are needed.
Human behaviour and brain function arise from a complex interplay
between genes and environment. 22q11.2DS offers a unique possibility
to link a speciﬁc genetic alteration to cognitive dysfunction and aberrant
neural development and thereby a more thorough understanding of the
effects of genes in the human brain. Studying variations in the genome
known to have a direct link to psychosis can help the neuroimaging ﬁeld
in the search for functional abnormalities anchored in the brain. This
would ideally result in a more clear direction towards an objective
functional biomarker for psychosis integrating features from different
domains i.e. genetics, cognition and neuroimaging (Van et al., 2017).
Such functional biomarkers will be critical in informing diagnosis and
targeting new treatment strategies in the future.168Funding
MIG acknowledges funding from the Australian Research Council
Centre of Excellence for Integrative Brain Function (ARC Centre Grant
CE140100007) and a University of Queensland Fellowship
(2016000071). HRS holds a professorship in precision medicine at Uni-
versity of Copenhagen which is sponsored by Lundbeckfonden.
Conﬂicts of interest
These disclosures are UNRELATED to the present work:
Hartwig R. Siebner has received honoraria as speaker from Sanoﬁ
Genzyme, Denmark and as senior editor (NeuroImage) from Elsevier
Publishers, Amsterdam, The Netherlands. He has received a research
fund from Biogen Idec, Denmark.
References
Andersson, F., Glaser, B., Spiridon, M., Debbane, M., Vuilleumier, P., Eliez, S., 2008.
Impaired activation of face processing networks revealed by functional magnetic
resonance imaging in 22q11.2 deletion syndrome. Biol. Psychiatr. 63, 49–57. https://
doi.org/10.1016/j.biopsych.2007.02.022.
Atkinson, R.J., Michie, P.T., Schall, U., 2012. Duration mismatch negativity and P3a in
ﬁrst-episode psychosis and individuals at ultra-high risk of psychosis. Biol. Psychiatr.
71, 98–104. https://doi.org/10.1016/j.biopsych.2011.08.023.
Azuma, R., Daly, E.M., Campbell, L.E., Stevens, A.F., Deeley, Q., Giampietro, V.,
Brammer, M.J., Glaser, B., Ambery, F.Z., Morris, R.G., Williams, S.C.R., Owen, M.J.,
Murphy, D.G.M., Murphy, K.C., 2009. Visuospatial working memory in children and
adolescents with 22q11.2 deletion syndrome; an fMRI study. J. Neurodev. Disord. 1,
46–60. https://doi.org/10.1007/s11689-009-9008-9.
Azuma, R., Deeley, Q., Campbell, L.E., Daly, E.M., Giampietro, V., Brammer, M.J.,
Murphy, K.C., Murphy, D.G., 2015. An fMRI study of facial emotion processing in
children and adolescents with 22q11.2 deletion syndrome. J. Neurodev. Disord. 7, 1.
https://doi.org/10.1186/1866-1955-7-1.
Bachiller, A., Romero, S., Molina, V., Alonso, J.F., Ma~nanas, M.A., Poza, J., Hornero, R.,
2015. Auditory P3a and P3b neural generators in schizophrenia: an adaptive
sLORETA P300 localization approach. Schizophr. Res. 169, 318–325. https://
doi.org/10.1016/J.SCHRES.2015.09.028.
Baker, K., Baldeweg, T., Sivagnanasundaram, S., Scambler, P., Skuse, D., 2005. COMT
Val108/158Met modiﬁes mismatch negativity and cognitive function in 22q11
deletion syndrome. Biol. Psychiatr. 58, 23–31. https://doi.org/10.1016/
j.biopsych.2005.03.020.
Baldeweg, T., Klugman, A., Gruzelier, J.H., Hirsch, S.R., 2002. Impairment in frontal but
not temporal components of mismatch negativity in schizophrenia. Int. J.
Psychophysiol. 43, 111–122.
Bassett, A.S., Marshall, C.R., Lionel, A.C., Chow, E.W.C., Scherer, S.W., 2008. Copy
number variations and risk for schizophrenia in 22q11.2 deletion syndrome. Hum.
Mol. Genet. 17, 4045–4053. https://doi.org/10.1093/hmg/ddn307.
Bearden, C.E., Woodin, M.F., Wang, P.P., Moss, E., McDonald-McGinn, D., Zackai, E.,
Emannuel, B., Cannon, T.D., 2001. The neurocognitive phenotype of the 22Q11.2
deletion syndrome: selective deﬁcit in visual-spatial memory. J. Clin. Exp.
Neuropsychol. 23, 447–464. https://doi.org/10.1076/jcen.23.4.447.1228.
Biria, M., Tomescu, M.I., Custo, A., Cantonas, L.M., Song, K.-W., Schneider, M.,
Murray, M.M., Eliez, S., Michel, C.M., Rihs, T.A., 2018. Visual processing deﬁcits in
22q11.2 deletion syndrome. NeuroImage. Clin. 17, 976–986. https://doi.org/
10.1016/j.nicl.2017.12.028.
Bodatsch, M., Brockhaus-Dumke, A., Klosterk€otter, J., Ruhrmann, S., 2015. Forecasting
psychosis by event-related potentials-systematic review and speciﬁc meta-analysis.
Biol. Psychiatr. 77, 951–958. https://doi.org/10.1016/j.biopsych.2014.09.025.
Bodatsch, M., Ruhrmann, S., Wagner, M., Mller, R., Schultze-Lutter, F., Frommann, I.,
Brinkmeyer, J., Gaebel, W., Maier, W., Klosterktter, J., Brockhaus-Dumke, A., 2011.
Prediction of psychosis by mismatch negativity. Biol. Psychiatr. 69, 959–966. https://
doi.org/10.1016/j.biopsych.2010.09.057.
Boot, E., van Amelsvoort, T. a M.J., 2012. Neuroimaging correlates of 22q11.2 deletion
syndrome: implications for schizophrenia research. Curr. Top. Med. Chem. 12,
2303–2313.
Butler, P.D., Martinez, A., Foxe, J.J., Kim, D., Zemon, V., Silipo, G., Mahoney, J.,
Shpaner, M., Jalbrzikowski, M., Javitt, D.C., 2007. Subcortical visual dysfunction in
schizophrenia drives secondary cortical impairments. Brain 130, 417–430. https://
doi.org/10.1093/brain/awl233.
Butler, P.D., Schechter, I., Zemon, V., Schwartz, S.G., Greenstein, V.C., Gordon, J.,
Schroeder, C.E., Javitt, D.C., 2001. Dysfunction of early-stage visual processing in
schizophrenia. Am. J. Psychiatr. 158, 1126–1133. https://doi.org/10.1176/
appi.ajp.158.7.1126.
Catts, S.V., Shelley, A.M., Ward, P.B., Liebert, B., McConaghy, N., Andrews, S.,
Michie, P.T., 1995. Brain potential evidence for an auditory sensory memory deﬁcit
in schizophrenia. Am. J. Psychiatr. 152, 213–219. https://doi.org/10.1176/
ajp.152.2.213.
Cheour, M., Haapanen, M.L., Ceponiene, R., Hukki, J., Ranta, R., N€a€at€anen, R., 1998.
Mismatch negativity (MMN) as an index of auditory sensory memory deﬁcit in cleft-
palate and CATCH syndrome children. Neuroreport 9, 2709–2712.
K.M. Larsen et al. NeuroImage 190 (2019) 154–171Cheour, M., Haapanen, M.L., Hukki, J., Ceponiene, R., Kurjenluoma, S., Alho, K.,
Tervaniemi, M., Ranta, R., N€a€at€anen, R., 1997. The ﬁrst neurophysiological evidence
for cognitive brain dysfunctions in children with CATCH. Neuroreport 8, 1785–1787.
Coman, I.L., Gnirke, M.H., Middleton, F.A., Antshel, K.M., Fremont, W., Higgins, A.M.,
Shprintzen, R.J., Kates, W.R., 2010. The effects of gender and catechol O-
methyltransferase (COMT) Val108/158Met polymorphism on emotion regulation in
velo-cardio-facial syndrome (22q11.2 deletion syndrome): an fMRI study.
Neuroimage 53, 1043–1050. https://doi.org/10.1016/j.neuroimage.2010.01.094.
Dahoun, T., Eliez, S., Chen, F., Badoud, D., Schneider, M., Larøi, F., Debbane, M., 2013.
Action simulation in hallucination-prone adolescents. Front. Hum. Neurosci. 7, 329.
https://doi.org/10.3389/fnhum.2013.00329.
de Wilde, O.M., Bour, L.J., Dingemans, P.M., Koelman, J.H.T.M., Linszen, D.H., 2007.
A meta-analysis of P50 studies in patients with schizophrenia and relatives:
differences in methodology between research groups. Schizophr. Res. 97, 137–151.
https://doi.org/10.1016/j.schres.2007.04.028.
Debbane, M., Glaser, B., David, M.K., Feinstein, C., Eliez, S., 2006. Psychotic symptoms in
children and adolescents with 22q11.2 deletion syndrome: neuropsychological and
behavioral implications. Schizophr. Res. 84, 187–193. https://doi.org/10.1016/
j.schres.2006.01.019.
Dennis, E.L., Thompson, P.M., 2013. Typical and atypical brain development: a review of
neuroimaging studies. Dialogues Clin. Neurosci. 15, 359–384.
Dubourg, L., Vrticka, P., Debbane, M., Chambaz, L., Eliez, S., Schneider, M., 2018. Neural
correlates of socio-emotional perception in 22q11.2 deletion syndrome. J. Neurodev.
Disord. 10, 13. https://doi.org/10.1186/s11689-018-9232-2.
Earls, H.A., Curran, T., Mittal, V., 2016. A meta-analytic review of auditory event-related
potential components as endophenotypes for schizophrenia: perspectives from ﬁrst-
degree relatives. Schizophr. Bull. 42, 1504–1516. https://doi.org/10.1093/schbul/
sbw047.
Eliez, S., Blasey, C.M., Menon, V., White, C.D., Schmitt, J.E., Reiss, A.L., 2000. Functional
brain imaging study of mathematical reasoning abilities in velocardiofacial syndrome
(del22q11.2). Genet. Med. 3, 49–55, 17, V.
Enticott, P.G., Ogloff, J.R.P., Bradshaw, J.L., 2008. Response inhibition and impulsivity in
schizophrenia. Psychiatr. Res. 157, 251–254. https://doi.org/10.1016/
j.psychres.2007.04.007.
Fletcher, P.C., Frith, C.D., 2009. Perceiving is believing: a Bayesian approach to
explaining the positive symptoms of schizophrenia. Nat. Rev. Neurosci. 10, 48–58.
https://doi.org/10.1038/nrn2536.
Ford, J.M., Gray, M., Whitﬁeld, S.L., Turken, A.U., Glover, G., Faustman, W.O.,
Mathalon, D.H., 2004. Acquiring and inhibiting prepotent responses in
schizophrenia. Arch. Gen. Psychiatr. 61, 119. https://doi.org/10.1001/
archpsyc.61.2.119.
Ford, J.M., Palzes, V.A., Roach, B.J., Potkin, S.G., van Erp, T.G.M., Turner, J.A.,
Mueller, B.A., Calhoun, V.D., Voyvodic, J., Belger, A., Bustillo, J., Vaidya, J.G.,
Preda, A., McEwen, S.C., Mathalon, D.H., Mathalon, D.H., 2015. Visual hallucinations
are associated with hyperconnectivity between the amygdala and visual cortex in
people with a diagnosis of schizophrenia. Schizophr. Bull. 41, 223–232. https://
doi.org/10.1093/schbul/sbu031.
Foxe, J.J., Murray, M.M., Javitt, D.C., 2005. Filling-in in schizophrenia: a high-density
electrical mapping and source-analysis investigation of illusory contour processing.
Cerebr. Cortex 15, 1914–1927. https://doi.org/10.1093/cercor/bhi069.
Freedman, R., Adler, L.E., Waldo, M., 1987. Gating of the auditory evoked potential in
children and adults. Psychophysiology 24, 223–227. https://doi.org/10.1111/
j.1469-8986.1987.tb00282.x.
Freedman, R., Adler, L.E., Waldo, M.C., Pachtman, E., Franks, R.D., 1983.
Neurophysiological evidence for a defect in inhibitory pathways in schizophrenia:
comparison of medicated and drug-free patients. Biol. Psychiatr. 18, 537–551.
Galderisi, S., Merlotti, E., Mucci, A., 2015. Neurobiological background of negative
symptoms. Eur. Arch. Psychiatr. Clin. Neurosci. 265, 543–558. https://doi.org/
10.1007/s00406-015-0590-4.
Garrido, M.I., Kilner, J.M., Stephan, K.E., Friston, K.J., 2009. The mismatch negativity: a
review of underlying mechanisms. Clin. Neurophysiol. 120, 453–463. https://
doi.org/10.1016/j.clinph.2008.11.029.
Glahn, D.C., Ragland, J.D., Abramoff, A., Barrett, J., Laird, A.R., Bearden, C.E.,
Velligan, D.I., 2005. Beyond hypofrontality: a quantitative meta-analysis of
functional neuroimaging studies of working memory in schizophrenia. Hum. Brain
Mapp. 25, 60–69. https://doi.org/10.1002/hbm.20138.
Goodship, J., Cross, I., LiLing, J., Wren, C., 1998. A population study of chromosome
22q11 deletions in infancy. Arch. Dis. Child. 79, 348–351.
Gothelf, D., Hoeft, F., Hinard, C., Hallmayer, J.F., Van Dover Stoecker, J.,
Antonarakis, S.E., Morris, M.A., Reiss, A.L., 2007. Abnormal cortical activation
during response inhibition in 22q11.2 deletion syndrome. Hum. Brain Mapp. 28,
533–542. https://doi.org/10.1002/hbm.20405.
Gothelf, D., Schaer, M., Eliez, S., 2008. Genes, brain development and psychiatric
phenotypes in velo-cardio-facial syndrome. Dev. Disabil. Res. Rev. 14, 59–68.
https://doi.org/10.1002/ddrr.9.
Haber, S.N., Knutson, B., 2010. The reward circuit: linking primate anatomy and human
imaging. Neuropsychopharmacology 35, 4–26. https://doi.org/10.1038/
npp.2009.129.
Harrell, W., Zou, L., Englander, Z., Hooper, S.R., Keshavan, M.S., Song, A., Shashi, V.,
2017. Frontal hypoactivation during a working memory task in children with 22q11
deletion syndrome. J. Child Neurol. 32, 94–99. https://doi.org/10.1177/
0883073816670813.
Haxby, Hoffman, Gobbini, 2000. The distributed human neural system for face
perception. Trends Cognit. Sci. 4, 223–233.
Hoeffding, L.K., Trabjerg, B.B., Olsen, L., Mazin, W., Sparsø, T., Vangkilde, A.,
Mortensen, P.B., Pedersen, C.B., Werge, T., 2017. Risk of psychiatric disorders among169individuals with the 22q11.2 deletion or duplication. JAMA Psychiatry 74, 282.
https://doi.org/10.1001/jamapsychiatry.2016.3939.
Hsieh, M.H., Shan, J.-C., Huang, W.-L., Cheng, W.-C., Chiu, M.-J., Jaw, F.-S., Hwu, H.-G.,
Liu, C.-C., 2012. Auditory event-related potential of subjects with suspected pre-
psychotic state and ﬁrst-episode psychosis. Schizophr. Res. 140, 243–249. https://
doi.org/10.1016/j.schres.2012.06.021.
Hughes, M.E., Fulham, W.R., Johnston, P.J., Michie, P.T., 2012. Stop-signal response
inhibition in schizophrenia: behavioural, event-related potential and functional
neuroimaging data. Biol. Psychol. 89, 220–231. https://doi.org/10.1016/
j.biopsycho.2011.10.013.
Jalbrzikowski, M., Carter, C., Senturk, D., Chow, C., Hopkins, J.M., Green, M.F.,
Galvan, A., Cannon, T.D., Bearden, C.E., 2012. Social cognition in 22q11.2
microdeletion syndrome: relevance to psychosis? Schizophr. Res. 142, 99–107.
https://doi.org/10.1016/j.schres.2012.10.007.
Javitt, D.C., Sweet, R.A., 2015. Auditory dysfunction in schizophrenia: integrating clinical
and basic features. Nat. Rev. Neurosci. 16, 535–550. https://doi.org/10.1038/
nrn4002.
Jensen, J., Willeit, M., Zipursky, R.B., Savina, I., Smith, A.J., Menon, M., Crawley, A.P.,
Kapur, S., 2008. The formation of abnormal associations in schizophrenia: neural and
behavioral evidence. Neuropsychopharmacology 33, 473–479. https://doi.org/
10.1038/sj.npp.1301437.
Jeon, Y.-W., Polich, J., 2003. Meta-analysis of P300 and schizophrenia: patients,
paradigms, and practical implications. Psychophysiology 40, 684–701. https://
doi.org/10.1111/1469-8986.00070.
Jessen, F., Fries, T., Kucharski, C., Nishimura, T., Hoenig, K., Maier, W., Falkai, P.,
Heun, R., 2001. Amplitude reduction of the mismatch negativity in ﬁrst-degree
relatives of patients with schizophrenia. Neurosci. Lett. https://doi.org/10.1016/
S0304-3940(01)02072-9.
Juckel, G., Schlagenhauf, F., Koslowski, M., Filonov, D., Wüstenberg, T., Villringer, A.,
Knutson, B., Kienast, T., Gallinat, J., Wrase, J., Heinz, A., 2006. Dysfunction of ventral
striatal reward prediction in schizophrenic patients treated with typical, not atypical,
neuroleptics. Psychopharmacology (Berlin) 187, 222–228. https://doi.org/10.1007/
s00213-006-0405-4.
Kambeitz-Ilankovic, L., Hennig-Fast, K., Benetti, S., Kambeitz, J., Pettersson-Yeo, W.,
O'Daly, O., McGuire, P., Allen, P., 2013. Attentional modulation of source attribution
in ﬁrst-episode psychosis: a functional magnetic resonance imaging study. Schizophr.
Bull. 39, 1027–1036. https://doi.org/10.1093/schbul/sbs101.
Kapur, S., 2003. Psychosis as a state of aberrant salience: a framework linking biology,
phenomenology, and pharmacology in schizophrenia. Am. J. Psychiatr. 160, 13–23.
Karayiorgou, M., Simon, T.J., Gogos, J.A., 2010. 22q11.2 microdeletions: linking DNA
structural variation to brain dysfunction and schizophrenia. Nat. Rev. Neurosci. 11,
402–416. https://doi.org/10.1038/nrn2841.
Kates, W.R., Krauss, B.R., Abdulsabur, N., Colgan, D., Antshel, K.M., Higgins, A.M.,
Shprintzen, R.J., 2007. The neural correlates of non-spatial working memory in
velocardiofacial syndrome (22q11.2 deletion syndrome). Neuropsychologia 45,
2863–2873. https://doi.org/10.1016/j.neuropsychologia.2007.05.007.
Kidogami, Y., Yoneda, H., Asaba, H., Sakai, T., 1991. P300 in ﬁrst degree relatives of
schizophrenics. Schizophr. Res. 6, 9–13. https://doi.org/10.1016/0920-9964(91)
90015-J.
Kiehl, K.A., Smith, A.M., Hare, R.D., Liddle, P.F., 2000. An event-related potential
investigation of response inhibition in schizophrenia and psychopathy. Biol.
Psychiatr. 48, 210–221.
Kober, H., Barrett, L.F., Joseph, J., Bliss-Moreau, E., Lindquist, K., Wager, T.D., 2008.
Functional grouping and cortical–subcortical interactions in emotion: a meta-analysis
of neuroimaging studies. Neuroimage 42, 998–1031. https://doi.org/10.1016/
j.neuroimage.2008.03.059.
Kring, A.M., Elis, O., 2013. Emotion deﬁcits in people with schizophrenia. Annu. Rev.
Clin. Psychol. 9, 409–433. https://doi.org/10.1146/annurev-clinpsy-050212-
185538.
Lamme, V.A., 1995. The neurophysiology of ﬁgure-ground segregation in primary visual
cortex. J. Neurosci. 15, 1605–1615. https://doi.org/10.1523/JNEUROSCI.15-02-
01605.1995.
Larsen, K.M., Mørup, M., Birknow, M.R., Fischer, E., Hulme, O., Vangkilde, A.,
Schmock, H., Baare, W.F.C., Didriksen, M., Olsen, L., Werge, T., Siebner, H.R.,
Garrido, M.I., 2018. Altered auditory processing and effective connectivity in
22q11.2 deletion syndrome. Schizophr. Res. https://doi.org/10.1016/
j.schres.2018.01.026.
Larsen, K.M., Pellegrino, G., Birknow, M.R., Kjær, T.N., Baare, W.F.C., Didriksen, M.,
Olsen, L., Werge, T., Mørup, M., Siebner, H.R., 2017. 22q11.2 deletion syndrome is
associated with impaired auditory steady-state gamma response. Schizophr. Bull.
https://doi.org/10.1093/schbul/sbx058.
Lavoie, S., Jack, B.N., Grifﬁths, O., Ando, A., Amminger, P., Couroupis, A., Jago, A.,
Markulev, C., McGorry, P.D., Nelson, B., Polari, A., Yuen, H.P., Whitford, T.J., 2018.
Impaired mismatch negativity to frequency deviants in individuals at ultra-high risk
for psychosis, and preliminary evidence for further impairment with transition to
psychosis. Schizophr. Res. 191, 95–100. https://doi.org/10.1016/
j.schres.2017.11.005.
Lewis, D.A., Hashimoto, T., Volk, D.W., 2005. Cortical inhibitory neurons and
schizophrenia. Nat. Rev. Neurosci. 6, 312–324. https://doi.org/10.1038/nrn1648.
Maeder, J., Schneider, M., Bostelmann, M., Debbane, M., Glaser, B., Menghetti, S.,
Schaer, M., Eliez, S., 2016. Developmental trajectories of executive functions in
22q11.2 deletion syndrome. J. Neurodev. Disord. 8, 10. https://doi.org/10.1186/
s11689-016-9141-1.
Magnee, M.J.C.M., Lamme, V.A.F., de Sain-van der Velden, M.G.M., Vorstman, J.A.S.,
Kemner, C., 2011. Proline and COMT status affect visual connectivity in children with
K.M. Larsen et al. NeuroImage 190 (2019) 154–17122q11.2 deletion syndrome. PLoS One 6, e25882. https://doi.org/10.1371/
journal.pone.0025882.
Mannarelli, D., Pauletti, C., Accinni, T., Carlone, L., Frascarelli, M., Lattanzi, G.M.,
Curra, A., Fattapposta, F., 2018. Attentional functioning in individuals with 22q11
deletion syndrome: insight from ERPs. J. Neural. Transm. 1–10 https://doi.org/
10.1007/s00702-018-1873-5.
Manoach, D.S., 2003. Prefrontal cortex dysfunction during working memory performance
in schizophrenia: reconciling discrepant ﬁndings. Schizophr. Res. 60, 285–298.
Manoach, D.S., Gollub, R.L., Benson, E.S., Searl, M.M., Goff, D.C., Halpern, E., Saper, C.B.,
Rauch, S.L., 2000. Schizophrenic subjects show aberrant fMRI activation of
dorsolateral prefrontal cortex and basal ganglia during working memory
performance. Biol. Psychiatr. 48, 99–109. https://doi.org/10.1016/S0006-3223(00)
00227-4.
Marshall, P.J., Bar-Haim, Y., Fox, N.A., 2004. The development of P50 suppression in the
auditory event-related potential. Int. J. Psychophysiol. 51, 135–141. https://doi.org/
10.1016/J.IJPSYCHO.2003.08.004.
Mathalon, D.H., Ford, J.M., Pfefferbaum, A., 2000. Trait and state aspects of p300
amplitude reduction in schizophrenia: a retrospective longitudinal study. Biol.
Psychiatr. 47, 434–449. https://doi.org/10.1016/S0006-3223(99)00277-2.
McDonald-McGinn, D.M., Sullivan, K.E., Marino, B., Philip, N., Swillen, A.,
Vorstman, J.A.S., Zackai, E.H., Emanuel, B.S., Vermeesch, J.R., Morrow, B.E.,
Scambler, P.J., Bassett, A.S., 2015. 22q11.2 deletion syndrome. Nat. Rev. Dis. Prim.
1, 15071. https://doi.org/10.1038/nrdp.2015.71.
Michie, P.T., 2001. What has MMN revealed about the auditory system in schizophrenia?
Int. J. Psychophysiol. 42, 177–194. https://doi.org/10.1016/S0167-8760(01)00166-
0.
Michie, P.T., Innes-Brown, H., Todd, J., Jablensky, A.V., 2002. Duration mismatch
negativity in biological relatives of patients with schizophrenia spectrum disorders.
Biol. Psychiatr. 52, 749–758. https://doi.org/10.1016/S0006-3223(02)01379-3.
Miller, T.J., McGlashan, T.H., Rosen, J.L., Cadenhead, K., Cannon, T., Ventura, J.,
McFarlane, W., Perkins, D.O., Pearlson, G.D., Woods, S.W., 2003. Prodromal
assessment with the structured interview for prodromal syndromes and the scale of
prodromal symptoms: predictive validity, interrater reliability, and training to
reliability. Schizophr. Bull. 29, 703–715.
Moberg, P.J., Richman, M.J., Roalf, D.R., Morse, C.L., Graefe, A.C., Brennan, L.,
Vickers, K., Tsering, W., Kamath, V., Turetsky, B.I., Gur, R.C., Gur, R.E., 2018.
Neurocognitive functioning in patients with 22q11.2 deletion syndrome: a meta-
analytic review. Behav. Genet. 48, 259–270. https://doi.org/10.1007/s10519-018-
9903-5.
Montojo, C.A., Congdon, E., Hwang, L., Jalbrzikowski, M., Kushan, L., Vesagas, T.K.,
Jonas, R.K., Ventura, J., Bilder, R.M., Bearden, C.E., 2015a. Neural mechanisms of
response inhibition and impulsivity in 22q11.2 deletion carriers and idiopathic
attention deﬁcit hyperactivity disorder. NeuroImage. Clin 9, 310–321. https://
doi.org/10.1016/j.nicl.2015.08.006.
Montojo, C.A., Ibrahim, A., Karlsgodt, K.H., Chow, C., Hilton, A.E., Jonas, R.K.,
Vesagas, T.K., Bearden, C.E., 2014. Disrupted working memory circuitry and
psychotic symptoms in 22q11.2 deletion syndrome. NeuroImage Clin 4, 392–402.
https://doi.org/10.1016/j.nicl.2014.01.010.
Montojo, C.A., Jalbrzikowski, M., Congdon, E., Domicoli, S., Chow, C., Dawson, C.,
Karlsgodt, K.H., Bilder, R.M., Bearden, C.E., 2015b. Neural substrates of inhibitory
control deﬁcits in 22q11.2 deletion syndromey. Cerebr. Cortex 25, 1069–1079.
https://doi.org/10.1093/cercor/bht304.
Mostofsky, S.H., Simmonds, D.J., 2008. Response inhibition and response selection: two
sides of the same coin. J. Cognit. Neurosci. 20, 751–761. https://doi.org/10.1162/
jocn.2008.20500.
N€a€at€anen, R., 1995. The mismatch negativity. Ear Hear. 16, 6–18. https://doi.org/
10.1097/00003446-199502000-00002.
N€a€at€anen, R., K€ahk€onen, S., 2009. Central auditory dysfunction in schizophrenia as
revealed by the mismatch negativity (MMN) and its magnetic equivalent MMNm: a
review. Int. J. Neuropsychopharmacol. 12, 125–135. https://doi.org/10.1017/
S1461145708009322.
N€a€at€anen, R., Pakarinen, S., Rinne, T., Takegata, R., 2004. The mismatch negativity
(MMN): towards the optimal paradigm. Clin. Neurophysiol. 115, 140–144. https://
doi.org/10.1016/j.clinph.2003.04.001.
Nagai, T., Tada, M., Kirihara, K., Araki, T., Jinde, S., Kasai, K., 2013. Mismatch negativity
as a “translatable” brain marker toward early intervention for psychosis: a review.
Front. psychiatry 4, 115. https://doi.org/10.3389/fpsyt.2013.00115.
Northoff, G., Bermpohl, F., 2004. Cortical midline structures and the self. Trends Cognit.
Sci. 8, 102–107. https://doi.org/10.1016/j.tics.2004.01.004.
Northoff, G., Heinzel, A., de Greck, M., Bermpohl, F., Dobrowolny, H., Panksepp, J., 2006.
Self-referential processing in our brain—a meta-analysis of imaging studies on the
self. Neuroimage 31, 440–457. https://doi.org/10.1016/j.neuroimage.2005.12.002.
Olsen, L., Sparsø, T., Weinsheimer, S.M., Dos Santos, M.B.Q., Mazin, W., Rosengren, A.,
Sanchez, X.C., Hoeffding, L.K., Schmock, H., Baekvad-Hansen, M., Bybjerg-
Grauholm, J., Daly, M.J., Neale, B.M., Pedersen, M.G., Agerbo, E., Mors, O.,
Børglum, A., Nordentoft, M., Hougaard, D.M., Mortensen, P.B., Geschwind, D.H.,
Pedersen, C., Thompson, W.K., Werge, T., 2018. Prevalence of rearrangements in the
22q11.2 region and population-based risk of neuropsychiatric and developmental
disorders in a Danish population: a case-cohort study. The lancet. Psychiatry. https://
doi.org/10.1016/S2215-0366(18)30168-8, 0.
Oskarsdottir, S., Vujic, M., Fasth, A., 2004. Incidence and prevalence of the 22q11
deletion syndrome: a population-based study in Western Sweden. Arch. Dis. Child.
89, 148–151.
Paterlini, M., Zakharenko, S.S., Lai, W.-S., Qin, J., Zhang, H., Mukai, J., Westphal, K.G.C.,
Olivier, B., Sulzer, D., Pavlidis, P., Siegelbaum, S.A., Karayiorgou, M., Gogos, J.A.,
2005. Transcriptional and behavioral interaction between 22q11.2 orthologs170modulates schizophrenia-related phenotypes in mice. Nat. Neurosci. 8, 1586–1594.
https://doi.org/10.1038/nn1562.
Perez, V.B., Woods, S.W., Roach, B.J., Ford, J.M., McGlashan, T.H., Srihari, V.H.,
Mathalon, D.H., 2014. Automatic auditory processing deﬁcits in schizophrenia and
clinical high-risk patients: forecasting psychosis risk with mismatch negativity. Biol.
Psychiatr. 75, 459–469. https://doi.org/10.1016/j.biopsych.2013.07.038.
Plourde, G., Stapells, D.R., Picton, T.W., 1991. The human auditory steady-state evoked
potentials. Acta Otolaryngol. 111, 153–160. https://doi.org/10.3109/
00016489109136793.
Polich, J., 2007. Updating P300: an integrative theory of P3a and P3b. Clin.
Neurophysiol. 118, 2128–2148. https://doi.org/10.1016/j.clinph.2007.04.019.
Purcell, S.M., Wray, N.R., Stone, J.L., Visscher, P.M., O'Donovan, M.C., Sullivan, P.F.,
Sklar, P., 2009. Common polygenic variation contributes to risk of schizophrenia and
bipolar disorder. Nature 460, 748–752. https://doi.org/10.1038/nature08185.
Randeniya, R., Oestreich, L.K.L., Garrido, M.I., 2017. Sensory prediction errors in the
continuum of psychosis. Schizophr. Res. https://doi.org/10.1016/
j.schres.2017.04.019.
Rass, O., Forsyth, J.K., Krishnan, G.P., Hetrick, W.P., Klaunig, M.J., Breier, A.,
O'Donnell, B.F., Brenner, C.A., 2012. Auditory steady state response in the
schizophrenia, ﬁrst-degree relatives, and schizotypal personality disorder. Schizophr.
Res. 136, 143–149. https://doi.org/10.1016/j.schres.2012.01.003.
Rihs, T.A., Tomescu, M.I., Britz, J., Rochas, V., Custo, A., Schneider, M., Debbane, M.,
Eliez, S., Michel, C.M., 2013. Altered auditory processing in frontal and left temporal
cortex in 22q11.2 deletion syndrome: a group at high genetic risk for schizophrenia.
Psychiatr. Res. 212, 141–149. https://doi.org/10.1016/j.pscychresns.2012.09.002.
Robin, N.H., Shprintzen, R.J., 2005. Deﬁning the clinical spectrum of deletion 22q11.2.
J. Pediatr. 147, 90–96. https://doi.org/10.1016/j.jpeds.2005.03.007.
Roiser, J.P., Howes, O.D., Chaddock, C.A., Joyce, E.M., McGuire, P., 2013. Neural and
behavioral correlates of aberrant salience in individuals at risk for psychosis.
Schizophr. Bull. 39, 1328–1336. https://doi.org/10.1093/schbul/sbs147.
Romanos, M., Ehlis, A.-C., Baehne, C.G., Jacob, C., Renner, T.J., Storch, A., Briegel, W.,
Walitza, S., Lesch, K.-P., Fallgatter, A.J., 2010. Reduced NoGo-anteriorisation during
continuous performance test in deletion syndrome 22q11.2. J. Psychiatr. Res. 44,
768–774. https://doi.org/10.1016/j.jpsychires.2010.02.001.
Rubia, K., Russell, T., Overmeyer, S., Brammer, M.J., Bullmore, E.T., Sharma, T.,
Simmons, A., Williams, S.C.R., Giampietro, V., Andrew, C.M., Taylor, E., 2001.
Mapping motor inhibition: conjunctive brain activations across different versions of
go/No-go and stop tasks. Neuroimage 13, 250–261. https://doi.org/10.1006/
nimg.2000.0685.
Scariati, E., Padula, M.C., Schaer, M., Eliez, S., 2016. Long-range dysconnectivity in
frontal and midline structures is associated to psychosis in 22q11.2 deletion
syndrome. J. Neural. Transm. 123, 823–839. https://doi.org/10.1007/s00702-016-
1548-z.
Schechter, I., Butler, P.D., Zemon, V.M., Revheim, N., Saperstein, A.M., Jalbrzikowski, M.,
Pasternak, R., Silipo, G., Javitt, D.C., 2005. Impairments in generation of early-stage
transient visual evoked potentials to magno- and parvocellular-selective stimuli in
schizophrenia. Clin. Neurophysiol. 116, 2204–2215. https://doi.org/10.1016/
j.clinph.2005.06.013.
Schneider, F., Habel, U., Reske, M., Kellermann, T., St€ocker, T., Shah, N.J., Zilles, K.,
Braus, D.F., Schmitt, A., Schl€osser, R., Wagner, M., Frommann, I., Kircher, T.,
Rapp, A., Meisenzahl, E., Ufer, S., Ruhrmann, S., Thienel, R., Sauer, H., Henn, F.A.,
Gaebel, W., 2007. Neural correlates of working memory dysfunction in ﬁrst-episode
schizophrenia patients: an fMRI multi-center study. Schizophr. Res. 89, 198–210.
https://doi.org/10.1016/J.SCHRES.2006.07.021.
Schneider, M., Debbane, M., Bassett, A.S., Chow, E.W.C., Fung, W.L.A., van den Bree, M.,
et al., 2014. Psychiatric disorders from childhood to adulthood in 22q11.2 deletion
syndrome: results from the international Consortium on brain and behavior in
22q11.2 deletion syndrome. Am. J. Psychiatr. 171, 627–639. https://doi.org/
10.1176/appi.ajp.2013.13070864.
Schneider, M., Debbane, M., Lagioia, A., Salomon, R., D'Argembeau, A., Eliez, S., 2012.
Comparing the neural bases of self-referential processing in typically developing and
22q11.2 adolescents. Dev. Cogn. Neurosci. 2, 277–289. https://doi.org/10.1016/
j.dcn.2011.12.004.
Shad, M.U., Brent, B.K., Keshavan, M.S., 2011. Neurobiology of self-awareness deﬁcits in
schizophrenia: a hypothetical model. Asian J. Psychiatr. 4, 248–254. https://doi.org/
10.1016/j.ajp.2011.09.002.
Shashi, V., Kwapil, T.R., Kaczorowski, J., Berry, M.N., Santos, C.S., Howard, T.D.,
Goradia, D., Prasad, K., Vaibhav, D., Rajarethinam, R., Spence, E., Keshavan, M.S.,
2010. Evidence of gray matter reduction and dysfunction in chromosome 22q11.2
deletion syndrome. Psychiatry Res. Neuroimaging. 181, 1–8. https://doi.org/
10.1016/j.pscychresns.2009.07.003.
Shprintzen, R.J., 2005. In: Cassidy, S., Allanson, J.E. (Eds.), Management of Genetic
Syndromes. Hoboken, N.J.: J. Wiley, New York, pp. 615–632.
Siebner, H., Callicott, J., Sommer, T., Mattay, V., 2009. From the genome to the phenome
and back: linking genes with human brain function and structure using genetically
informed neuroimaging. Neuroscience 164, 1–6. https://doi.org/10.1016/
j.neuroscience.2009.09.009. FROM.
Silverstein, S.M., Keane, B.P., 2011. Perceptual organization impairment in schizophrenia
and associated brain mechanisms: review of research from 2005 to 2010. Schizophr.
Bull. 37, 690–699. https://doi.org/10.1093/schbul/sbr052.
Spencer, K.M., Salisbury, D.F., Shenton, M.E., McCarley, R.W., 2008. γ-Band auditory
steady-state responses are impaired in ﬁrst episode psychosis. Biol. Psychiatr. 64,
369–375. https://doi.org/10.1016/j.biopsych.2008.02.021.
Sun, D., Ching, C.R.K., Lin, A., Forsyth, J.K., Kushan, L., Vajdi, A., Jalbrzikowski, M.,
Hansen, L., Villalon-Reina, J.E., Qu, X., Jonas, R.K., van Amelsvoort, T., Bakker, G.,
Kates, W.R., Antshel, K.M., Fremont, W., Campbell, L.E., McCabe, K.L., Daly, E.,
K.M. Larsen et al. NeuroImage 190 (2019) 154–171Gudbrandsen, M., Murphy, C.M., Murphy, D., Craig, M., Vorstman, J., Fiksinski, A.,
Koops, S., Ruparel, K., Roalf, D.R., Gur, R.E., Schmitt, J.E., Simon, T.J., Goodrich-
Hunsaker, N.J., Durdle, C.A., Bassett, A.S., Chow, E.W.C., Butcher, N.J., Vila-
Rodriguez, F., Doherty, J., Cunningham, A., van den Bree, M.B.M., Linden, D.E.J.,
Moss, H., Owen, M.J., Murphy, K.C., McDonald-McGinn, D.M., Emanuel, B., van
Erp, T.G.M., Turner, J.A., Thompson, P.M., Bearden, C.E., 2018. Large-scale mapping
of cortical alterations in 22q11.2 deletion syndrome: convergence with idiopathic
psychosis and effects of deletion size. Mol. Psychiatr. https://doi.org/10.1038/
s41380-018-0078-5.
Tan, G.M., Arnone, D., McIntosh, A.M., Ebmeier, K.P., 2009. Meta-analysis of magnetic
resonance imaging studies in chromosome 22q11.2 deletion syndrome
(velocardiofacial syndrome). Schizophr. Res. 115, 173–181. https://doi.org/
10.1016/j.schres.2009.09.010.
Taylor, S.F., Kang, J., Brege, I.S., Tso, I.F., Hosanagar, A., Johnson, T.D., 2012. Meta-
analysis of functional neuroimaging studies of emotion perception and experience in
schizophrenia. Biol. Psychiatr. 71, 136–145. https://doi.org/10.1016/
j.biopsych.2011.09.007.
Thune, H., Recasens, M., Uhlhaas, P.J., 2016. The 40-hz auditory steady-state response in
patients with schizophrenia: a meta-analysis. JAMA psychiatry. https://doi.org/
10.1001/jamapsychiatry.2016.2619.
Tomescu, M.I., Rihs, T. a., Becker, R., Britz, J., Custo, A., Grouiller, F., Schneider, M.,
Debbane, M., Eliez, S., Michel, C.M., 2014. Deviant dynamics of EEG resting state
pattern in 22q11.2 deletion syndrome adolescents: a vulnerability marker of
schizophrenia? Schizophr. Res. 157, 175–181. https://doi.org/10.1016/
j.schres.2014.05.036.
Tunbridge, E.M., Bannerman, D.M., Sharp, T., Harrison, P.J., 2004. Catechol-O-
Methyltransferase inhibition improves set-shifting performance and elevates
stimulated dopamine release in the rat prefrontal cortex. J. Neurosci. 24, 5331–5335.
https://doi.org/10.1523/JNEUROSCI.1124-04.2004.
Uhlhaas, P., Singer, W., 2015. Oscillations and neuronal dynamics in schizophrenia: the
search for basic symptoms and translational opportunities. Biol. Psychiatr. 77,
1001–1009.
Umbricht, D., Krljes, S., 2005. Mismatch negativity in schizophrenia: a meta-analysis.
Schizophr. Res. 76, 1–23. https://doi.org/10.1016/j.schres.2004.12.002.
Van Amelsvoort, T., Schmitz, N., Daly, E., Deeley, Q., Critchley, H., Henry, J.,
Robertson, D., Owen, M., Murphy, K.C., Murphy, D.G., 2006. Processing facial
emotions in adults with velo-cardio-facial syndrome: functional magnetic resonance
imaging. Br. J. Psychiatry 189, 560–561. https://doi.org/10.1192/
bjp.bp.105.019876.
van de Ven, V., Rotarska Jagiela, A., Oertel-Kn€ochel, V., Linden, D.E.J., 2017. Reduced
intrinsic visual cortical connectivity is associated with impaired perceptual closure in
schizophrenia. NeuroImage Clin 15, 45–52. https://doi.org/10.1016/
J.NICL.2017.04.012.
van der Meer, L., Costafreda, S., Aleman, A., David, A.S., 2010. Self-reﬂection and the
brain: a theoretical review and meta-analysis of neuroimaging studies with
implications for schizophrenia. Neurosci. Biobehav. Rev. 34, 935–946. https://
doi.org/10.1016/J.NEUBIOREV.2009.12.004.171van Duin, E.D.A., Goossens, L., Hernaus, D., da Silva Alves, F., Schmitz, N., Schruers, K.,
van Amelsvoort, T., 2016. Neural correlates of reward processing in adults with
22q11 deletion syndrome. J. Neurodev. Disord. 8, 25. https://doi.org/10.1186/
s11689-016-9158-5.
Van, L., Boot, E., Bassett, A.S., 2017. Update on the 22q11.2 deletion syndrome and its
relevance to schizophrenia. Curr. Opin. Psychiatr. 30, 191–196. https://doi.org/
10.1097/YCO.0000000000000324.
van Os, J., Linscott, R.J., Myin-Germeys, I., Delespaul, P., Krabbendam, L., 2009.
A systematic review and meta-analysis of the psychosis continuum: evidence for a
psychosis proneness–persistence–impairment model of psychotic disorder. Psychol.
Med. 39, 179. https://doi.org/10.1017/S0033291708003814.
Vangkilde, A., Jepsen, J.R.M., Schmock, H., Olesen, C., Arnarsdottir, S., Baare, W.F.C.,
Plessen, K.J., Didriksen, M., Siebner, H.R., Werge, T., Olsen, L., 2016a. Associations
between social cognition, skills, and function and subclinical negative and positive
symptoms in 22q11.2 deletion syndrome. J. Neurodev. Disord. 8, 42. https://doi.org/
10.1186/s11689-016-9175-4.
Vangkilde, A., Olsen, L., Hoeffding, L.K., Pedersen, C.B., Mortensen, P.B., Werge, T.,
Trabjerg, B., 2016b. Schizophrenia spectrum disorders in a Danish 22q11.2 deletion
syndrome cohort compared to the total Danish population—a Nationwide register
study. Schizophr. Bull. 42, 824–831. https://doi.org/10.1093/schbul/sbv195.
Verbruggen, F., Logan, G.D., 2008. Response inhibition in the stop-signal paradigm.
Trends Cognit. Sci. 12, 418–424. https://doi.org/10.1016/j.tics.2008.07.005.
Vorstman, J.A.S., Turetsky, B.I., Sijmens-Morcus, M.E.J., de Sain, M.G., Dorland, B.,
Sprong, M., Rappaport, E.F., Beemer, F.A., Emanuel, B.S., Kahn, R.S., van
Engeland, H., Kemner, C., 2009. Proline affects brain function in 22q11DS children
with the low activity COMT158 allele. Neuropsychopharmacology 34, 739–746.
https://doi.org/10.1038/npp.2008.132.
Walter, E.L., Mazaika, P.K., Reiss, A., 2009a. Insights into brain development from
neurogenetic syndromes: evidence from fragile X syndrome, Williams syndrome,
Turner syndrome and velocardiofacial syndrome. Neuroscience 164, 257–271.
https://doi.org/10.1016/j.neuroscience.2009.04.033.
Walter, H., Kammerer, H., Frasch, K., Spitzer, M., Abler, B., 2009b. Altered reward
functions in patients on atypical antipsychotic medication in line with the revised
dopamine hypothesis of schizophrenia. Psychopharmacology (Berlin) 206, 121–132.
https://doi.org/10.1007/s00213-009-1586-4.
Wan, L., Friedman, B.H., Boutros, N.N., Crawford, H.J., 2008. P50 sensory gating and
attentional performance. Int. J. Psychophysiol. 67, 91–100. https://doi.org/10.1016/
j.ijpsycho.2007.10.008.
Weisbrod, M., Kiefer, M., Marzinzik, F., Spitzer, M., 2000. Executive control is disturbed
in schizophrenia: evidence from event-related potentials in a Go/NoGo task. Biol.
Psychiatr. 47, 51–60. https://doi.org/10.1016/S0006-3223(99)00218-8.
Zarchi, O., Carmel, M., Avni, C., Attias, J., Frisch, A., Michaelovsky, E., Patya, M.,
Green, T., Weinberger, R., Weizman, A., Gothelf, D., 2013. Schizophrenia-like
neurophysiological abnormalities in 22q11.2 deletion syndrome and their association
to COMT and PRODH genotypes. J. Psychiatr. Res. 47, 1623–1629. https://doi.org/
10.1016/j.jpsychires.2013.07.004.
